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Abstract
The use of messenger ribonucleic acid (mRNA) to introduce protein sequences into
cells, expressing cytokines or antigens, is a promising therapeutic strategy in the
oncology field. However, advancement of this technology is stalled by the lack of an
effective delivery system. Developing mRNA-specific vectors, along with improving
understanding of vector structure and fundamental cellular uptake mechanisms,
should allow further progress in moving mRNA therapy to the clinic. This work
investigates the use of lipid-peptide based vectors for the delivery of mRNA both in
vitro and in vivo. The components of the vector were optimised to produce high
levels of transfection in B16 melanoma cells. The resultant formulation comprised of
the cationic lipid C14, the phospholipid DOPE, cholesterol and peptide 35. This
formulation transfected a number of cancer cells types, producing high levels of
expression of luciferase and green fluorescent protein. Formulations were
characterised using dynamic light scattering, small-angle X-ray scattering, electron
and atomic force microscopy to elucidate the structure of vectors. The nanocomplex
had a spherical morphology and appeared to comprise an external lipid membrane
with mRNA and/or peptides present on the surface. Optimal particles showed
resistance to degradation and aggregation for up to 28 days at 4 oC and showed no
loss of activity in the presence of RNase. Finally, mRNA uptake kinetics and trafficking
were explored using fluorescent microscopy where no differences between optimal
and non-optimal formulations were found; suggesting the key factor affecting
performance was endosomal escape. Overall, the peptide-lipid-mRNA system was
shown to be a promising platform for further investigation of mRNA delivery in vivo.
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Impact Statement
Figures from the World Health Organisation show that cancer is the second
leading cause of death worldwide, and is estimated to be responsible for the deaths
of 9.6 million people in 2018 alone. Current treatments are not effective enough to
reverse the burden of cancer, and the use of cytotoxic small-molecule drugs alone
has reached a therapeutic plateau. This, coupled with the increased knowledge of
the disease on a molecular level, has stimulated the evolution of cancer treatment
from small drug therapies to using larger, complex molecules to tackle cancer on a
genetic basis. mRNA-based gene therapy is an area with great potential in the
treatment of cancer. It allows the introduction of genetic sequences into cells in
order to produce proteins to combat the cancerous cells. This strategy allows the
therapy to be personalised to the patient and specific cancers to be treated. Despite
many recent advances in molecular profiling, progress in mRNA therapy has been
hindered by the lack of an effective system to deliver mRNA into cancer cells.
This thesis describes the development of functionalised lipid nanoparticles
that are able to deliver mRNA, with high efficiency, into a range of cancer cells. The
optimised formulations have been shown to induce significantly higher levels of
protein expression in tumours than previously used systems. Additionally the data
indicate that these particles are sufficiently stable upon storage to allow
commercialisation. The thesis lay the foundations for continued investigation into
the use of these nanoparticles as carriers for therapeutic mRNA as a treatment for
cancer, with the potential for pharmaceutical development.
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1

Introduction

Many diseases, including cancers, are caused by abnormal protein expression (Zhai
et al. 2014; Stratton et al. 2009). In such cases, gene transfer can ameliorate these
diseases by replacing the defective protein. The introduction of specific sequences of
nucleic acids such as DNA or mRNA to cells regulates protein production and can
cause targeted protein expression (Pascolo 2008). When considering this technology
in a cancer therapy, the goal is that the inserted nucleic acid sequence will override
the effects of defective proteins, such as tumour protein p53, causing cancerous cells
to undergo apoptosis or prevent them establishing a blood supply to provide
nutrients. Gene therapy is an attractive area of medicine because diseases can be
treated at the genetic level without having to rely on traditional small-molecule
pharmaceuticals, which are often not personalised to the patient. As a result, this
new area of medicines has become the primary research focus for many
biopharmaceutical companies. The primary goal in gene therapy is efficient in vivo
delivery of the nucleic acid cargo to the cells of interest. More specific properties,
such as duration or onset of expression, depend on the application and target tissues.

1.1

Types of gene therapy

Gene-based therapy can be achieved by introducing nucleic acids such as DNA,
messenger RNA (mRNA), small interfering RNA (siRNA), microRNA (miRNA) or
antisense oligonucleotides into cells (Yin et al. 2014). The three former nucleic acids
are the most commonly used.
19

Plasmid DNA (pDNA) is extensively used to introduce healthy genes into target cells
in order to correct a genetic disease. Gene editing techniques commonly use pDNA
to insert the gene permanently into the host genome (Richardson et al. 2016) or
alternatively, temporary expression maybe desired in which case the DNA is
delivered without editing machinery (Dittrich et al. 2011). Due to the relative stability
of DNA, and its potential for genome integration, the expression of protein induced
by DNA is longer-lasting than that produced by mRNA. This may be desirable when
considering diseases where a long duration of action is required e.g. cystic fibrosis,
but for cancer vaccination strategies a temporary boost in antigen expression is
preferred to avoid exhaustion of immune cells (Tavernier et al. 2011). Additionally
the potential of DNA to integrate into the genome can cause issues with the
disruption of gene function or promotion of oncogenesis (Pascolo 2004). Another
disadvantage to DNA-based gene therapy is that DNA can only elicit an effect during
cell division when the nuclear envelope is permeable, making transfection of slow
dividing cells with DNA unfeasible (Tavernier et al. 2011).

mRNA based gene therapy is an alternative strategy to introducing sequences for
protein production into cells, in a similar fashion to pDNA, with the distinct advantage
of being transient and unable to integrate into the genome (Van Lint et al. 2014).
Unlike DNA, mRNA does not need to enter the nucleus, instead the site of action is
in the cytosol, allowing for better transfection in quiescent cells (Phua et al. 2013).
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Therapeutic siRNA approaches involve delivering siRNA into target cells to cleave
mRNA thereby inhibiting its expression and subsequent role in protein production
(Lam et al. 2015). As siRNA silencing is specific to one mRNA target, the use of this
nucleic acid in gene-based therapy is useful when the disease of interest is caused by
overexpression of one particular protein (Semple et al. 2010). However, occasionally
siRNA can cause downregulation of in other mRNAs, resulting in off-target effects.
This is one of the major limitations of siRNA therapy as these effects can greatly
reduce the therapeutic effect (Whitehead et al. 2009). However, despite this, siRNA
therapy product Patisiran made by Alnylam Pharmaceutials has been approved by
the Food and Drug Administration as well as the European Medical Agency. The
therapy uses siRNA to bind mRNA and inhibit synthesis of transthyretin in the liver
(Adams et al. 2018).

1.2

messenger RNA therapy

Traditionally, DNA was the molecule of choice for gene therapy, as more information
was known about this nucleic acid (Tavernier et al. 2011). More recently, mRNA
based approaches have increased in popularity due to the advantages they offer over
DNA such as an improved safety profile and higher efficacy (Youn & Chung 2015),
increasing the likelihood of mRNA therapy moving from bench to bedside. However,
a number of challenges must be addressed before mRNA therapy sees widespread
clinical application.

21

1.2.1 The structure and role of messenger RNA
Messenger RNA (mRNA) is the molecule that carries the genetic code for the
production of proteins from DNA to ribosomes in the cytoplasm (Alberts et al. 2002).
It specifies the ordering and assembly of the amino acid chains which comprise the
building blocks of a protein. Although both mRNA and DNA are both polymers made
out of nucleotide subunits, the molecules differ both in structure and composition.
mRNA nucleotides contain the sugar ribose instead of the deoxyribose sugar present
in DNA and the bases used in mRNA consist of cytosine, guanine, adenine and uracil
whereas in DNA uracil is substituted for thymine. The biggest difference between the
two molecules, however, lies in their structures. Although both molecules have a
helical structure, DNA is a double helix with two strands whereas mRNA is a single
stranded helix.

The discovery of mRNA was a gradual process that occurred over a number of years.
While its presence was observed in cells as early as 1953 (Hershey 1953), it was not
until sometime later when mRNA was fully defined and its role established. In 1958,
Volkin et al. described the synthesis of a new type of RNA after phage infection of
cells (Volkin et al. 1958). This RNA mirrored the nucleotide composition of viral DNA
except for the replacement of thymine with uracil. This was one of the first reports
of the molecule now identified as mRNA. It was around this time, in 1957, when
Francis Crick expressed his central dogma of molecular biology, stating that genetic
information flows from DNA to RNA and is then transferred to proteins, but cannot
flow again in the reverse direction from protein to RNA (published later - Crick 1970).
This hypothesis also suggested that transfer of information from RNA to DNA may be
22

possible (reverse transcription) as well as from DNA directly to protein (McCarthy &
Holland 1965) where the presence of antibiotics modifies the ribosomes’ recognition
site allowing the binding of DNA, though this last mechanism is not thought to occur
naturally. At the time there was little experimental evidence to corroborate this
theory, but it became widely accepted as a cornerstone of molecular biology. In 1961,
work published by Brenner (Brenner et al. 1961) fully described the role of mRNA as
the messenger that transported the genetic sequence for the production of proteins
from DNA to ribosomes, the site of protein synthesis.

This mechanism has since been described more thoroughly and it is now known that
the first step in the production of mRNA begins in the nucleus. The DNA template
consists of a coding sequence bordered by untranslated regions (UTRs). Upstream of
this sequence, in a process termed transcription (Figure 1-1), the enzyme RNA
polymerase (RNA pol II) binds to a promoter region on the DNA molecule, unwinding
the double helix structure (Van Lint et al. 2014). RNA polymerase moves along the
template DNA strand using complimentary base pairing and catalysing the formation
of a phosphodiester bond which links the nucleotides together to create a pre-mRNA
strand (Alberts et al. 2002). This new molecule then undergoes a number of
processing steps. The first of these is the capping of the 5’ end of the RNA with a
modified guanine nucleotide. Following this, RNA splicing occurs: this involves
removal of the intron sequences, which are non-coding regions, from the pre-mRNA
strand. This reaction is catalysed by a complex of proteins and small nuclear RNA
molecules called a spliceosome. In the first step of the reaction, a specific adenine
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nucleotide in the intron cuts the RNA molecule at a splice site. The free end of the
exon (the coding region) is then able to bind to the next exon, cutting and releasing
the intron which will eventually be broken down. The RNA strand is then further
processed, this time at the 3’ end, by the addition of a poly (A) tail. The addition of
this sequence of adenosine nucleotides by the enzyme poly-A polymerase leads to
the strand having a tail of approximately 200 adenine nucleotides (Peng et al. 2008).
The impact of these modifications to both the 5’ and 3’ end are described elsewhere
in this thesis (Section 1.2.2).

Figure 1-1: Schematic representation of the transcription process in mRNA production.
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Once the strand has been processed, the mature mRNA molecules leave the nucleus
via the nuclear pore complexes and travels to the cytoplasm where translation into
a protein takes place (Figure 1-2). The mRNA binds to ribosomes, where the coding
sequence is read (Alberts et al. 2002). In the small ribosomal subunit, each codon (set
of three nucleotides) on the mRNA strand is recognised by a transfer RNA (tRNA)
molecule with the corresponding anti-codon. The other side of the tRNA molecule is
attached to an amino acid specified by that particular codon. As the tRNA molecules
are adjacent to each other, each matched to their corresponding triplet sites, a
peptide bond is formed between the carboxyl group at the end of one amino acid
and the amino group on another. This forms a growing polypeptide chain catalysed
by the large ribosomal subunit. This process continues until a stop codon is reached.
The new polypeptide chain will finally fold into its three dimensional structure and
interact with other complexes to form a protein.

Figure 1-2: Schematic representation of translation process in mRNA production.
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1.2.2 Issues with stability
Since its unambiguous discovery in 1961 (Brenner et al. 1961), mRNA has generated
much attention because of its potential to modulate levels of protein production.
However, it was not until the 1990s that mRNA was explored for possible therapeutic
applications, after it was shown that mRNA administered to mice led to an increase
in protein expression (Wolff et al. 1990). Furthermore, it was found that direct
injection of mRNA resulted in a higher level of expression of the encoded protein
compared to direct DNA injection. Despite this promising initial work, the concept of
using mRNA as a therapeutic failed to attract significant interest as a result of key
limitations of the molecule, such as its rapid degradation.

mRNA is a very labile molecule and is much more susceptible than DNA to
degradation (Devoldere et al. 2015) . The main reason for the instability of mRNA is
the presence of a hydroxyl group on the second carbon atom of the ribose molecule.
This sterically hinders the folding of mRNA into a double β-helix structure, making
the molecule more prone to spontaneous hydrolysis than the double-helix of DNA
(Tavernier et al. 2011). The rate of degradation varies among different mRNA
molecules and plays a major role in controlling gene expression. The main pathways
of decay are summarised in Figure 1-3.
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Figure 1-3: Diagram representing the degradation pathways of mRNA. In the de-adenylation independent mRNA
decay pathway Rps28B interacts with Edc3 to recruit the complex DCP1-DCP2 which decaps the G nucleotide. The
strand is then degraded by the exoribonuclease 1 (XRN1) enzyme. In the de-adenylation dependent pathway, the
poly(A) tail is gradually shortened by exonucleases (most commonly Poly(A)-specific ribonuclease or PARN). This
starts rapid decay via two mechanisms: either the 5’ to 3’ direction or the 3’ to 5’ direction. The 5’-3’ pathway is
initiated when the Lsm1-7 complex binds to the 3’ end of the mRNA strand triggering the decapping of the 5’ end,
and subsequent decay by the 5'-3' XRN1 enzyme. In the 3’-5’ pathway, the exosome binds to the 3’ end and
degrades the molecule from this direction; the cap is then hydrolysed by the enzyme Scavenger mRNAdecapping enzyme (DcpS). The mRNA is then degraded by XRN1. The other mechanism of degradation is the
endonuclease-mediated mRNA decay pathway. This starts with internal cleavage of the mRNA, which generates
two strand segments, both of which have one unprotected end. The segments are degraded by XRN1 and the
nuclear exosome (Adapted from Garneau et al. 2007).

Certain endogenous mRNA molecules have specific modifications to prolong their
half-life in the cytoplasm (Harcourt et al. 2017). Amongst these modifications is the
presence of a 7-methylguanosine guanine cap at the 5’ end of the mRNA strand. The
5’ cap increases stability of the molecule in the cell by preventing binding of nuclease
enzymes to the 5’ end. However, decapping enzymes exist which can remove the
guanine cap, rendering the mRNA susceptible to hydrolysation by the XRN1 enzyme
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in the 5’ – 3’ direction (Decker & Parker 1994). Another stabilising modification to the
mRNA molecule is the addition of the poly (A) tail. This aids in improving stability by
protecting the molecule from enzymatic degradation (Harcourt et al. 2017). mRNAs
containing 100-250 adenosine residues in the poly (A) tail have been found to have
the highest transcription efficiencies and show improved stability compared to those
with shorter residues. This is a result of longer adenosine chains associating with
proteins such as poly (A)-binding proteins, forming a complex which improves
binding to the ribosome and protects the mRNA from degradation (Sergeeva et al.
2016). Other data shows that molecules with poly(A) chains shorter than ~200 in
length are degraded in the cytoplasm at a faster rate than those with longer chains,
and are associated with reduced levels of translation as a result of this increased
degradation (Decker & Parker 1994; Harcourt et al. 2017).

Most mammalian mRNAs initially have a poly(A) tail of around 200 adenosine
residues (Brawerman 1981). However, when released into the cytoplasm, they are
subject to enzymatic modification by exonucleases. This progressively shortens the
tail , and when this reaches 10-15 residues in length, decay pathways are activated
(Figure 1-3) (Guhaniyogi & Brewer 2001).

Extensive research work to artificially incorporate modifications into in vitro
transcribed mRNA has been performed, and has led to substantial improvements in
the stability of the molecule (Van Lint et al. 2014). From a practical and a regulatory
point of view, this has made mRNA therapy a much more desirable area of
pharmaceutics.
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1.2.3 Issues with immunogenicity
In addition to the problems with stability, another hindrance to the development of
mRNA therapy is its immunogenicity (Karikó et al. 2004). Certain structural
constituents within the molecule can stimulate pattern recognition receptors (PRRs)
which can trigger a variety of signalling pathways, each leading to the induction of
numerous target genes involved in inflammation and the expression of
proinflammatory cytokines and type I interferons (Akira et al. 2001; Kawai & Akira
2006). A particular group of PRRs shown to play a role in the detection of the
structural elements of transcribed mRNA are the toll-like receptors (TLRs) (Karikó et
al. 2004). mRNA has been identified as an endogenous ligand of TLR3 (Yamamoto et
al. 2009) which, when activated, initiates a signalling cascade leading to a strong
immune response. Studies have tried to determine precisely which elements of
mRNA are recognised by these receptors in an effort to reduce the inflammatory and
immunostimulatory response of transfected mRNA. It has been discovered that the
poly(A) tail is not only responsible for increasing stability of mRNA but it also reduces
immunogenicity (Sergeeva et al. 2016). The length of poly(A) tails is one feature
which differentiates bacterial mRNA from endogenous mRNA, and the immune
system has developed mechanisms to identify foreign nucleic acids within cells. In
vitro-transcribed mRNA strands lacking the poly(A) tail induced high levels of IL-12, a
cytokine produced as part of the body’s immune response, in cells whereas
transcribed mRNA that has been polyadenylated had a much reduced response
(Koski et al. 2004).
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Another feature of mRNA that differs in both bacterial and mammalian cells is the
number of nucleoside modifications present in the molecule. Initially, all RNA is
produced from four nucleotides (ATP, CTP, UTP and GTP) but some of these
nucleosides undergo modification (commonly methylation) in the nucleus after
transcription. This is true for most types of RNA (Mauer et al. 2016). Studies have
demonstrated that RNAs lacking modified nucleotides were the most potent
activators of TLRs; by increasing the number of modified nucleosides, the capacity of
RNA to activate TLRs can be suppressed in a proportional manner (Karikó et al. 2005).
It was shown that by chemically changing the uridine nucleoside in particular (to 5methyluridine or pseudouridine), the immunogenicity of mRNA can be eradicated.
The presence of 0.2%–0.4% 6-methyladenosine, pseudouridine or 5-methylcytosine
in the RNA, which corresponds to between 3 and 6 modified nucleosides per
molecule of the 1571 nucleotide long RNA, was sufficient to cause a significant
reduction of cytokine secretion (Karikó et al. 2005).

1.2.4 mRNA in comparison to pDNA
As some of the initial stability and immunogenicity limitations associated with the
use of mRNA, have now been addressed (see Sections 1.2.2 and 1.2.3), recent
alternatives to gene therapy have focused on mRNA based therapeutics. mRNA
offers many advantages over DNA as a pharmaceutical agent. For example, unlike
DNA, the site of action of mRNA is at the ribosomes which are found exclusively in
the cytosol and not in the cell nucleus, eliminating the need for an mRNA therapy to
get through the nuclear envelope and increasing the chances of successfully
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transfecting quiescent cells (Tavernier et al. 2011). Indeed, it has been shown that
mRNA can achieve a much higher level of protein expression compared with DNA
(Rejman et al. 2010; Perche et al. 2011).

From a therapeutic perspective, the use of mRNA is advantageous because its action
is transient. Unlike DNA, which has the potential to integrate into the genome
causing insertional mutagenesis (Pascolo 2004), mRNA is short-lived and thus should
have a much better safety profile. Although not all DNA insertions lead to a visible
mutation, the potential of DNA integration into chromosomes leading to disruption
of gene function or promotion of oncogenesis is something that should be taken into
consideration during the development of a DNA-based gene therapy (Chan et al.
2014). The use of mRNA obliterates this concern as mRNA lacks genomic integration
and thus is widely considered much safer for in vivo use (Van Lint et al. 2014). On this
note, the transient nature of mRNA may also be a disadvantage in certain
applications. Where long-term protein replacement is desired, mRNA is unsuitable
and DNA is the preferred nucleic acid.

Another safety advantage of mRNA is its reduced toxicity compared to DNA, owing
to it not containing viral promoters or bacterial sequences such as unmethylated
cytosine-phosphate-guanine (CpG) motifs. These are present in DNA, and can
activate the immune system causing acute inflammation (Krieg et al. 1995). The use
of methylated DNA with a reduced number of CpG motifs has been shown to lessen
this immune response (Yew et al. 2002). Mice given pDNA vectors containing fewer
CpG regions showed lower levels of serum transaminases and proinflammatory
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cytokines. Moreover, the loss of white blood cells and platelets was significantly
reduced in mice given methylated DNA (Yew et al. 2002). It is, however, not known
whether eliminating these CpG sequences can result in impaired function of the
plasmid’s promoters or replication origins (Tavernier et al. 2011). The lack of these
sequences in mRNA makes the molecule a more favourable therapeutic than DNA.
MRNA however does present some disadvantages. In addition to its transient nature,
the large size of mRNA compared to siRNA for example, pose a major challenge for
delivery.

1.2.5 Applications for mRNA therapy in cancer
There are several strategies for the use of mRNA in cancer therapy. The most popular
of these is mRNA vaccinations (Midoux & Pichon 2015), but other therapeutic goals
are also being investigated.

1.2.5.1 Immunotherapy
Dendritic cells are antigen-presenting cells and are therefore a very attractive target
in cancer immunotherapy (Tavernier et al. 2011). Inducing these cells to express
antigens present on cancer cells causes T cell activation and a subsequent immune
reaction against all cells expressing this antigen. Therapeutic approaches involve
transfecting dendritic cells with mRNA to induce immune responses to a host of
immunogenic epitopes. Using these methods, research groups have shown that
mRNA is at least equally potent as proteins in eliciting T-cell responses against
leukaemia and melanoma tumours (Jarnjak-Jankovic et al. 2005; Bonehill et al. 2009).
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1.2.5.1.1 Tumour vaccination therapy
Cancer vaccinations are arguably the most suitable application for mRNA therapy.
The quick translation of proteins from mRNA allow for rapid target protein expression
and from a production point of view, mRNA vaccines can be manufactured quickly,
inexpensively and in a scalable manner (Pardi et al. 2018). There are two approaches
for delivery of mRNA vaccines; ex vivo loading of dendritic cells and mRNA delivery
in vivo with a vector.

Recently, the ex vivo approach has been used to deliver mRNA coding for major
histocompatibility proteins (Sharbi-Yunger et al. 2018). In this experiment, mRNA
was used to transfect dendritic cells to activate T cells and generate an anti-tumour
response against melanoma. The administration of the vaccinated cells led to an
increase of many cytokines and T cells in mice, causing tumour growth inhibition, a
significant reduction in tumour size, and prolonged survival of treated mice. Despite
the precise control of mRNA loading and therefore protein expression that ex vivo
strategies allow, this approach is expensive and laborious.

Directly delivering mRNA vaccines into the tumour is a useful strategy which can
overcome these limitations. A study showed that intra-tumoural delivery of mRNA
encoding a cytokine similar to interferon-β (IFNβ) combined with growth factor-β
antagonist increased activity of CD8+T cells and impeded tumour growth in OVAexpressing lymphoma or lung carcinoma mouse models (Jeught et al. 2014).
Intravenous administration of mRNA nanoparticles has also shown similar promise.
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Studies investigating the delivery of mRNA coding for various anticancer antibodies
demonstrated a significant reduction in tumour size in the absence of any toxicity
(Stadler et al. 2017; Thran et al. 2017)

1.2.5.2 Suicide gene therapy
Suicide genes are transgenes which elicit their effect through one of two mechanisms
(Hoyos et al. 2010). One strategy is to convert an inactive prodrug present in the
tumour into cytotoxic drug causing cell death. This is the most common approach
with two particular suicide genes dominating the field; the cytosine deaminase gene
and the thymidine kinase gene (Zarogoulidis et al. 2013). Cytosine deaminase is the
enzyme, native to fungal and bacterial cells, catalysing the conversion of the nontoxic 5-Fluorocytosine to the harmful drug 5-Fluorouracil which elicits its effects by
blocking the synthesis of nucleosides and inhibiting DNA replication (Negroni et al.
2007). Thymidine kinase derived from the herpes simplex virus is an enzyme which
converts ganciclovir to ganciclovir monophosphate, which is further converted to
ganciclovir triphosphate in the cell. The incorporation of this molecules into
replicating cells, such as cancer cells, inhibits DNA production causing cell death
(Abate-daga et al. 2010).
An alternative strategy is to directly express the proteins that stimulate apoptosis
within a cell (Zarogoulidis et al. 2013). One example of the latter is the human H19
RNA sequence, which has shown overexpression in some cancers and seems to be
involved in various cellular process including proliferation and vascular angiogenesis
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(Matouk et al. 2013). Blocking the function of the H19 RNA gene led to marked
tumour regression, cellular death and necrosis (Amer 2014).

Clearly, the success of suicide gene therapy lies in the ability of the suicide genes to
be expressed only in the target cancer cells whilst avoiding expression in normal
healthy cells. Therefore, targeted delivery vectors with the capacity to discriminate
between cancerous and healthy cells are vital in this mRNA therapy strategy.

1.2.5.3 Anti-tumour gene therapy
The other applications for mRNA therapy involve directly introducing the protein
sequence of interest into cancer cells in order to prevent further tumour growth.
Commonly, this involves introducing tumour suppressor genes, such as p53, (Kim et
al. 2003) to prevent cell proliferation, or antiangiogenic genes such as dominant
negative fibroblast growth factor receptor 1 (Liu et al. 2006) to prevent development
of the blood vessels which provide nutrients for tumour survival. One example of
direct gene transfer therapy is the introduction of the mRNA coding for multidrugresistant protein-1, which reduces the sensitivity of cells to chemotherapy by
pumping cytotoxic drugs from the cytoplasm to the intracellular space. Transferring
this gene to healthy CD34+ cells meant that these cells became resistant to the
effects of chemotherapy whereas malignant cells took up high levels of cytotoxic
agents, leading to targeted cell death (Amer 2014).
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The anti-tumour gene therapy approach has so far yielded promising results and
indeed Gendicine, the first gene therapy anticancer product in the clinic, acts by
delivering the tumour suppressor protein p53 using a viral vector (Ylä-Herttuala
2012). The production and accumulation of p53 protein in the transduced cells
causes cell-cycle arrest and apoptosis of tumour cells (Zhang et al. 2018).

1.2.5.4 Summary of mRNA therapy applications
As described, mRNA therapy can be applied to any of the strategies discussed
previously as it is a promising therapeutic tool, particularly in the areas of cancer
vaccinations.

Whilst mRNA therapy can be useful in protein transfer, especially for short-term
expression, this strategy could also utilise the longer-lasting effects of DNA gene
therapy depending on the disease being targeted. When the desired effect is target
protein inhibition, mRNA therapy can be used via an indirect mechanism to introduce
a protein with potential to interfere with the target protein. Although this strategy is
also perhaps best achieved using an alternative nucleic acid such as siRNA to directly
inhibit target protein synthesis.

In general the properties of mRNA are perhaps best suited to applications in cancer
vaccinations. The ability to modulate the in vivo degradation time of mRNA through
chemical modifications as well as the transient nature of the molecule is an attractive
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feature for vaccines where insufficient immune response will not yield therapeutic
action but excess immune stimulation can be detrimental to the patient (Iavarone et
al. 2017). This is possibly why the majority of ongoing clinical trials into the use of
mRNA therapy involve the use of antigens and mRNA vaccinations (Table 1-1).

Table 1-1: Ongoing clinical trials into the use of mRNA therapy. Adapted from (Kaczmarek et al. 2017)

Encoded protein

Disease

Phase

Clinical trial.gov no.

Tumour-associated
antigens

Melanoma

I

NCT02410733

Patient-specific
tumour antigens
Patient-specific
tumour antigens
Patient-specific
tumour antigens

Triple negative breast cancer

I

NCT02316457

Melanoma

I

NCT02035956

Triple negative breast cancer

I

NCT02316457

Rabies virus
glycoprotein

Rabies

I

NCT02241135

VEGF-A

Cardiovascular disease

I

NCT02935712

Viral antigenic proteins

Zika

I/II

NCT03014089

Tumour-associated
antigens

Prostate cancer

I/II

NCT00831467

Tumour-specific
antigens

Prostate cancer

I/II

NCT01197625

CT7, MAGE-A3, and
WT1
WT1 antigen

Multiple myeloma
Acute myeloid leukaemia
Multiple myeloma
Acute myeloid leukaemia
Non-small cell lung cancer

I

NCT01995708

II

NCT01686334

II

NCT02662634

Renal cell carcinoma

II

NCT01482949

Tumour-specific
antigens
Tumour-specific
antigens
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1.3

Barriers to mRNA delivery

There are multiple barriers impeding the clinical development of mRNA therapeutics,
as depicted in Figure 1-4. An ideal mRNA delivery vector must be able to evade these
barriers in order to enter target cells, release intact mRNA, and allow efficient protein
expression (Yin et al. 2014).

Figure 1-4: Schematic diagram depicting the cellular barriers to effective mRNA delivery and transfection.

Reaching and binding to target cells: Firstly, upon administration into the body the
mRNA delivery vector must reach the target cell, shielding its cargo from nucleases
present in biological fluids. Without sufficient protection, the mRNA will be degraded
rapidly due to its susceptibility to RNase (Anderson et al. 2003). If nuclease
degradation is avoided, the vector must then bind and enter its target cell. The
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anionic nature of nucleic acids prevents efficient cellular uptake, as large and
negatively charged molecules diffuse very slowly across the cell membrane
(Whitehead et al. 2009). Thus, delivery vectors should be capable of compacting the
mRNA into small (typically nanoscale) particles that can be readily taken up by the
cell. Anionic particles are electrostatically repelled by the negative charges of
glycosylated membrane proteins on the cell surface, such as heparin sulphate
proteoglycans (Bishop et al. 2007). Therefore, in order to overcome this issue vectors
are often cationic in nature, interacting readily with the negatively charged
membrane.

Target cell entry: The most common mechanism for intracellular delivery is
endocytosis (Foldvari et al. 2015). Nanoparticles can bind to the cell surface through
electrostatic interactions or through cell-specific receptors. Untargeted nanoparticle
vectors are believed to bind electrostatically to cell surface heparan sulphate
proteoglycans (Marty et al. 2004) and be internalised via adsorptive pinocytosis (Pack
et al. 2005). As these proteoglycans are abundant on all cell types, this non-specific
binding does not differentiate between target and non-target cells resulting in lower
transfection within the cells of interest due to a reduced percentage of nanoparticles
reaching these cells (Betker et al. 2013). In contrast, targeted systems bind to specific
receptors on target cells and are taken up via receptor-mediated endocytosis. Thus,
nanoparticle surface modification with targeting moieties is an effective way to
increase cell uptake in the target population by enhancing cell surface receptor
binding and subsequent ligand-mediated uptake (Wang et al. 2013). The complexes
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are believed to be taken up by various endocytic routes (Pack et al. 2005) including
clathrin-mediated endocytosis (Banerjee et al. 2016) and macropinocytosis (Pozzi et
al. 2012; Love et al. 2010).

Endosomal escape: If internalization by endocytosis does occur (Figure 1-4), the
mRNA cargo then needs to escape the endosome to elicit a therapeutic effect (Shang
et al. 2014). The vector becomes internalised in the initial vesicle, termed the early
endosome (pH 6.2), and if not released, will remain in this vesicle which matures into
the late endosome (pH 6.2 – 5.0) and finally the lysosome (pH 5 – 4.5) (Rejman et al.
2004; Lorenz et al. 2011). The delivery vector must disrupt the endosomal membrane
to allow the mRNA to reach the cytoplasm, where it can be translated and lead to
protein expression. This is one of the most challenging barriers to mRNA delivery. If
the vector is unable to escape the endosome, extensive degradation occurs within
the lysosome due to the nucleases present in (Foldvari et al. 2015).

Some delivery systems utilise the lower pH found in the late endosome as an escape
mechanism. Certain structural groups, particularly amines and/or imidazoles,
become protonated at the low pH levels found in the late endosome/lysosome
(Lorenz et al. 2011). Known as the proton sponge effect (Behr 1997), this protonation
triggers an influx of chloride and hydrogen ions to restore pH balance, leading to
osmotic swelling and rupturing of the endosomal membrane (Raad et al. 2014;
Juliano et al. 2012). For example, histidylated polylysine has been used to form mRNA
complexes. The histidylation caused a conformational change in polylysine at
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endosomal pH, due to the presence of an imidazole group with an isoelectric point
of 6.71. This resulted in osmotic shock, disrupting the endosome and allowing escape
of the mRNA cargo into the cytoplasm (Perche et al. 2011).

The design and development of delivery vectors must therefore take into
consideration all the criteria necessary for efficient mRNA transfection and protein
expression. These include the ability to: target specific cell types, remain stable in
serum, protect mRNA from enzymatic or chemical degradation, and transfect cells
with high efficiency.

1.4

mRNA delivery systems

In spite of the great potential of mRNA therapy, its applications are limited by poor
cellular delivery of the molecule. Theoretically, eukaryotic cells are able to actively
take up naked mRNA via caveolae-dependent endocytosis and micropinocytosis
(Lorenz et al. 2011), and indeed some success has been achieved with direct injection
of naked mRNA (Carralot et al. 2004; Probst et al. 2007), but delivery is limited due
to difficulties with the physiochemical properties of the molecule and the low rate of
uptake. mRNA is a large, negatively charged molecule which is not easily taken up
into the cell due to charge repulsion between the nucleic acid and the membrane
(Yin et al. 2014). In order to efficiently enter the cell and achieve therapeutic levels
of translated protein, the mRNA needs to be packaged into an effective delivery
system.
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1.4.1 Viral vectors
Original research into gene delivery systems focused predominantly on the use of
modified viral vectors for gene delivery. The most commonly used viruses in gene
therapy are modified adenovirus and lentivirus. (Yin et al. 2014).
Adenoviruses are double-stranded DNA viruses that usually infect humans causing
mild illness (Amer 2014). They have been modified to replicate exclusively in tumour
cells causing high levels of expression in the target cancer cells (Mathis et al. 2005).
Lentiviruses are a type of retrovirus which usually result in serious illness in humans
(Van Gulck et al. 2012). Human immunodeficiency virus is an example of a lentivirus
(Pack et al. 2005). The lentivirus is able to retrotranscribe RNA into DNA within the
infected cell with the potential to integrate permanently into the nuclear genome of
the target cells (Lee et al. 2015).

Viral vectors are highly efficient at entering cell and producing prolonged gene
expression. Indeed, viral vectors show high transduction, in some cases reaching
100% with the use of adenoviruses (Amer 2014). However, they are also associated
with increased risks of immunogenicity and cytotoxicity, as well as insertional
mutagenesis (Wang et al. 2013). For these reasons, non-viral vectors are increasingly
being explored as an alternative means of delivering mRNA, due to their increased
safety profile and reduced pathogenicity. Non-viral vectors also provide additional
advantages in their chemical versatility, allowing for structural modifications and
manipulation of chemical properties as well as the ability to carry a larger nucleic acid
load than their viral counterparts (Wong et al. 2007). This is particularly important
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when considering the delivery of mRNA which can be quite large. The length of the
average human mRNA is almost 4 kilobase pairs (Piovesan et al. 2016).

1.4.2 Non-viral vectors
Non-viral vectors typically use cationic nanoparticles, predominantly lipid or polymer
based systems, to mediate the delivery of nucleic acids. Encapsulation of nucleic
acids in nanoparticles protects the cargo from nuclease degradation, facilitates
cellular uptake by allowing for receptor targeted binding, and promotes endosome
escape (Kauffman, Webber, et al. 2015). As a result, significant advances in the use
of non-viral delivery have been made. This has however mainly been focused on the
delivery of DNA. There is limited knowledge on mRNA delivery systems in comparison
to vectors designed for DNA, due to the fact that mRNA-based therapy is a relatively
new field.

Whilst some of the biomaterials used for DNA delivery have shown promise in the
delivery of mRNA including polymers (Cheng et al. 2012; Wong et al. 2007) and
liposomes (Suga et al. 2011; Zohra et al. 2012) the differences between the molecules
mean that further optimization in needed. For example, efficient packaging is
imperative for an mRNA vector due to its greater susceptibility to action by
nucleases, meaning the carrier needs to effectively protect the molecule from
degradation. The site of action of mRNA differs from that of DNA so the vector should
be designed to release its cargo in the cytoplasm rather than the nucleus. All these
factors mean there is a clinical need to develop and further refine carriers tailored
specifically for mRNA delivery.
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1.4.2.1 Polymer based delivery vectors
Several cationic polymers have been used to deliver genes into the cell by forming
complexes held together by electrostatic interactions. Through electrostatic
attraction forces the polymer and nucleic acid condense into small particles allowing
for intracellular uptake as well as protecting the nucleic acid from nuclease
degradation (Bielinska et al. 1997). Many polymers have been explored and modified
for use as non-viral vectors. A popular polymer which has shown to have high gene
transfer efficiency is polyethylenimine (PEI) (Boussif et al. 1995) . The presence of
unprotonated amino acid groups in the polymer give rise to certain characteristics at
different pH levels. In acidic environments, such as that found in the endosome, the
unprotonated groups bind to the H+ ions, causing more protons to enter the
endosome to maintain the acidic pH. This leads to a build-up of osmotic pressure and
disruption of the endosome, and releasing the free nucleic acid into the cell (Kichler
2004). Studies have shown that PEI can be used to deliver mRNA to cells, although
the efficiency is relatively low (Rejman et al. 2010). The authors attributed this to the
strong affinity of PEI to mRNA, which prevents the dissociation of the PEI-mRNA
complex in the intracellular environment. Another limitation of PEI in gene delivery
is the high cellular toxicity associated with the polymer (Islam et al. 2015)

Poly (L-lysine) is another commonly used gene delivery vector (Choi et al. 1998;
Bettinger et al. 2001; Cervia et al. 2017). The protonated amine groups present on
the lysine molecules are able to form electrostatic interactions with nucleic acids at
physiological pH, to form polyplexes. Read et al. investigated the use of
histidine/polylysine vectors for mRNA delivery and were able to optimise a
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formulation to obtain transfection efficiencies of over 95% in prostate cancer cells
(Read et al. 2005). This was significantly higher than the level achieved using PEI.
Linear and branched polyethylenimine and poly(L-lysine) have been used frequently
for nucleic acid delivery in vitro, but their high toxicity and poor transfection in vivo
limits their appeal as therapeutic mRNA delivery vectors (Sergeeva et al. 2016).
Polymers lack the ability the fuse with lipid membranes (fusogenicity), a property
that other materials such as peptides and lipids possess, which may make endosomal
escape one of the major barriers in transfection for polymers. The formulation of
polymers together with peptides has been shown to provide improved levels of
transfection (Lee et al. 2002) but more work needs to be done in the design of
polymeric vectors.

1.4.3 Peptide based delivery vectors
Both naturally occurring and synthetic peptides have been explored as gene delivery
platforms. The basic amino acids e.g. arginine and lysine, bind tightly to nucleic acids,
packaging the complexes into small nanoparticles. Studies have shown that low
molecular weight peptides can bind to and condense DNA (Kharidia et al. 2008) and
mRNA (Raad et al. 2014) very effectively, forming particles around 100 nm in size
which is ideal for efficient cellular uptake (Zhang et al. 2009)

Peptides also offer the advantage of targeted delivery, due to the possibility of
selecting peptide ligands to bind to specific receptors. For example, peptide SP5.,
discovered using phage-display library screening, binds specifically to VEGFstimulated cells but does not interact with non-stimulated cells (El-Mousawi et al.
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2003). This can be exploited when designing targeted particles for therapeutic
purposes. Some peptides also have fusogenic properties which allow them to interact
with the endosome and lyse its membrane, releasing the complex into the cytoplasm
and allowing delivery of the nucleic acid cargo to its specific site of action (Martin &
Rice 2007). Bettinger et al, carried out a study into the use of peptides as mRNA
carriers by forming polyplexes using PEI and the peptide melittin (Bettinger et al.
2001). This increased levels of protein expression above those achieved using either
PEI or peptide vectors alone. The improved delivery of mRNA was attributed to the
endosomolytic activity of the peptide (Bettinger et al. 2001).
There are however very few reports on the use of peptide-based vectors for the
delivery of mRNA to cells. This may be due to peptides alone being unable to achieve
the same levels of transfection as when used in combination with other cationic
biomaterials (Lee et al. 2015).

1.4.4 Liposomes as delivery vectors
The most commonly investigated non-viral vectors are lipid-based lipoplexes, due to
their favourable pharmacokinetic behaviour and ease of production (Junquera &
Aicart 2016). Cationic lipids are amiphiphilic molecules consisting of a hydrophilic
positively-charged head group and hydrophobic hydrocarbon tails (Heyes et al.
2002). When in an aqueous environment, these lipids organize themselves into
structures (e.g. micelles (Cheng et al. 2012; Wasutrasawat et al. 2013) or liposomes
(Malone et al. 1989; Senior & Gregoriadis 1982)) so that the hydrophobic tails are
shielded from water and the head groups are exposed to the aqueous interface.
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Cationic liposomes have frequently been used as mRNA delivery vectors. This is
because they have the ability to form nanocomplexes, through electrostaticallymediated self-assembly, with negatively charged mRNA (Wang et al. 2013; Vitor et
al. 2013; Perche et al. 2011). The first application of cationic liposomes as gene
vectors resulted from a study in 1987 (Felgner et al. 1987) where the cationic lipid
1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) was complexed with
DNA and led to the introduced gene being expressed more efficiently than via
dextran mediated delivery or calcium phosphate precipitated DNA. This was followed
by another study in 1989 into the use of DOTMA liposomes complexed with luciferase
mRNA for in vitro transfection (Malone et al. 1989). This results showed that
luciferase mRNA could be delivered to a range of cell types including human, rat and
mouse derived cell lines.

Since then many different lipids have been rationally designed and synthesised for
the purpose of mRNA delivery. Liposomes consisting of 1,2-dioleoyl-3trimethylammoniopropane (DOTAP), a derivative of DOTMA, have been used to
deliver mRNA to both mitotic and non-mitotic cells with high potency (Zohra et al.
2012) as well as to primary human umbilical vein endothelial cells (Bettinger et al.
2001). More recently, there has been much interest in the use of ionizable lipids for
RNA delivery. Ionizable cationic lipids have low pKa values (<7) and are therefore
protonated at low pH levels (Cullis & Hope 2017). This means RNA complexation can
be carried out a low pH, producing nanoparticles which are close to neutral at
physiological pH. The latter is useful because it can reduce systemic clearance in vivo
(Fenton et al. 2016). Additionally, ionizable lipids are thought to improve endosomal
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escape through a dual mechanism (Habrant et al. 2016). It has been suggested that
the ionizable lipids act as a proton sponge; as the lipids become protonated,
additional counter ions are pumped into the endosome causing it to swell and
rupture. Another mechanism suggests that the ionizable lipids insert into the
endosomal membrane, disrupting the membrane and allowing RNA release (Tam et
al. 2016).

mRNA-loaded nanoparticles based on the ionizable lipid 1,2-dilinoleyloxy-3dimethylaminopropane have been shown to produce a vaccination that could elicit
immune responses comparable to that achieved using viral vectors (Geall et al. 2012).
The nanoparticles formed had good physiochemical properties, including small size
(< 100 nm) and a high level of mRNA encapsulation. In other work, Thess et al. used
liposomes containing ionizable lipids to deliver mRNA coding for erythropoietin to
mice, pigs, and non-human primates (Thess et al. 2015). Therapeutically relevant
concentrations of EPO were achieved following intraperitoneal or intravenous
injection of the nanoparticles, confirming these lipid-based systems to have potential
in the clinic.

Many liposomal delivery systems include helper lipids such as 1,2-Dioleoyl-snglycero-3-phosphoethanolamine (DOPE) which is commonly used due to its effect on
endosomal escape (Cervia et al. 2017). It undergoes conformational changes at low
pH resulting in destabilising interactions with the endosomal membrane (Cullis et al.
1986; Farhood et al. 1995; Lorenz et al. 2011). The combination of phospholipids with
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cationic lipids has resulted in improved delivery vectors for RNA delivery (Kauffman,
Dorkin, et al. 2015; Oberli et al. 2016).

Although the lipids used in mRNA delivery all share the same fundamental
amphiphilic structure, differences in structural components and functional groups
lead to varied characteristics in the resulting lipoplex formed upon association with
the mRNA. The lipid molecule consists of two main structural aspects, both of which
can be tuned to vary the properties of the liposomes generated: the cationic head
group and the hydrocarbon chain.

1.4.4.1 Cationic lipid structure
It is important to note that much of the research describing relationships between
the structural features of lipids and transfection efficiency are based on lipid-DNA
complexes. The field of mRNA vector design is relatively recent and little information
on the structures of these complexes is available.
It has been found that multivalent lipids (that is, lipids containing multiple charges
within their headgroup) are better able to transfect cells than monovalent lipids due
to their greater charge density. This allows for stronger binding to negatively charged
nucleic acids, promoting efficient condensation and producing a reduced
nanocomplex size which may aid cellular uptake. The increased charge density may
also cause stronger binding of the complex to the cell membrane, which is required
prior to cellular uptake (Martin et al. 2005).
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In relation to this, the charge ratio of positive charges from the nitrogen groups
within the lipid components relative to the negative charges arising from the
phosphate groups in the nucleic acid (N: P), is also an important factor to consider.
Saito et al. found a strong correlation between charge ratio and cellular uptake,
although the study noted that at charge ratios above (5: 1) the level of transfection
was reduced (Saito et al. 2006). In this study the optimal charge ratio was found to
be approximately 2:1 which is in line with the values reported in other sources (Pozzi
et al. 2012; Kranz et al. 2016).

An important factor controlling how lipids interact, which in turn affects the overall
lipoplex structure, is the level of headgroup hydration. Work by Bennett (Bennett et
al. 1997) has found that decreasing headgroup hydration by incorporating
hydroxyalkyl chains leads to increased transfection efficiency, as reduced numbers
of water molecules allow for increased interactions between headgroups, forming
more compact, vectors. However, the authors note that size should also be taken
into consideration as large headgroups were found to reduce transfection efficiency
due to stearic repulsion.

Shorter hydrocarbon chains yield superior transfection efficiencies due to their
facilitating intermembrane mixing, allowing for better endosomal escape (de Meyer
& Smit 2009; Li et al. 2015). Unsaturated chains also appear to have higher levels of
transfection than saturated chains, possibly due to increased membrane fluidity
associated with unsaturated chains (Felgner et al. 1994; Heyes et al. 2005). The use
of lipids containing asymmetric hydrocarbon chains of different lengths has also been
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investigated (Heyes et al., 2002) and asymmetry in alkyl tails were found to increase
transfection efficiency as the resulting vectors have more fusogenic properties
allowing for endosomal escape.

To date, there is no consensus on the structural arrangement of mRNA-lipid
complexes, which based on the vast differences between double-stranded DNA and
single-stranded mRNA, is likely to be very significant.

1.4.5 Lipid peptide vectors
Nanocomplex formulations containing a mixture of both cationic liposomes and
cationic targeting peptides which self-assemble in the presence of negatively charged
nucleic acid (Figure 1-5) were described 20 years ago (Hart et al. 1998; Schwartz et
al. 1999). Schwartz et al, used peptides derived from histone or protamine in
combination with a cationic vehicle to deliver DNA to cells. This mixed system of lipid,
peptide and DNA was found to deliver the target gene in vitro with enhanced
transfection efficiency compared to the peptide-free system.

Similarly, Hart et al, found that lipoplexes formed of DOTMA and DOPE mixed with
an integrin-targeting peptide that binds to α5, β1 integrins, showed much improved
levels of transfection compared to DOTMA/DOPE alone. These nanocomplexes have
since been developed to target cells for a variety of applications. The LPD (lipidpeptide-DNA) complexes have been shown to be more effective than both liposomes
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only or peptide-only vectors, showing a synergistic effect when the two components
are used together (Munye et al. 2015). Cell surface proteins have also been used in
these complexes to provide targeted cell surface binding to lung epithelial cells with
no toxicity or inflammation being seen in mice after administration (Jenkins et al.
2000). The LPD vector has been shown to deliver DNA to cells with equal efficacy to
adenoviral vectors whilst overcoming the main limitation associated with viral
delivery which is toxicity (Jenkins et al. 2000). The LPD vector showed no evidence of
an inflammatory response, even after repeated dosing, whereas the adenoviral
vector caused pneumonitis in rats.

This targeting effect was also observed in neuroblastoma tumours, where integrintargeting complexes transfected tumour cells twice as efficiently as analogous nontargeting complexes and continued to show high transfection efficiency even after
repeated administration (Tagalakis, Grosse, et al. 2011). These vectors have also
been optimised for the delivery of siRNA, and it was found that liposomes containing
longer alkyl chains were better in silencing than formulations with shorter
hydrocarbon chains. The lipid-peptide complexes were able to successfully silence
genes with up to 80% efficiency, which was comparable to that of the commercial
transfection reagent Lipofectamine 2000 (Tagalakis, He, et al. 2011). The length of
alkyl chains required for optimal siRNA delivery is contrary to that observed for DNA
delivery (Section 1.4.4.1). This can be attributed to the differences in size of the two
nucleic acids. As siRNA is much smaller it requires lipids with longer alkyl tails to
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compact the molecule whereas due to DNA being much larger, adequate
condensation can be achieved with shorter hydrocarbon chain lipids.

Studies have yet to explore the use of these non-viral vectors in the delivery of mRNA
but, based on the success of these vectors in the delivery of other nucleic acids, there
is reason to believe that lipid-peptide nanoparticles could potentially be effective in
delivering mRNA to cells.

Figure 1-5: Schematic diagram of LPD complexes. (Nanogenic Solutions, 2016)

1.5

Rational of PhD

The benefits of the use of mRNA over plasmid DNA are well known (Section 1.2.4),
but the lack of a suitable delivery system remains a major hurdle in the development
of an mRNA gene therapy (Zhang et al. 2012). Much of the current technology for
mRNA delivery has been based on findings obtained from research on DNA-based
gene therapy. However, DNA and mRNA have fundamental differences in their
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structures, and technology from the former cannot be directly applied to the latter
without further development and optimisation.

Lipid-peptide nanocomplexes have been used to successfully deliver both plasmid
DNA and siRNA, but no work has been done to evaluate the use of these vectors to
deliver mRNA. The major objective of the research in this PhD is hence to assess the
suitability of lipid-peptide complexes to package and deliver mRNA into cancer cells
for therapeutic applications. Further, it seeks to obtain more insight on the structure
of these complexes and their mechanisms of action: despite the potential of lipidpeptide nanocomplexes, little is known about their structure or mechanism of uptake
through membranes. Without some understanding of the molecular organisation of
the components of the particle, as well as the interactions between the complexes
with the cellular environment, it is difficult to optimise mRNA transfer into cells.

The main aims of this research are as outlined below:


Modify and optimise lipid-peptide nanocomplexes for the delivery of mRNA
to various cancer cell lines, and determine the optimal formulation for
effective delivery in vitro.



Analyse the biophysical characteristics of the nanocomplexes in order to
understand the relationship between their structure and transfection
efficiency.



Observe intracellular trafficking pathways of nanocomplexes in cells and
relate this to transfection efficiency



Assess the in vivo activity of the optimal complex in mice
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2
2.1

Materials and Methods

Materials

2.1.1 Liposomes
The cationic lipids used to form liposomes were either ditetradecyl trimethyl
ammonium propane (DTDTMA), dihexadecenyl trimethyl ammonium propane
(DHDTMA) or dioctadecenyl trimethyl ammonium propane (DOTMA) which,
indicative of the length of their alkyl chains, are referred to in this thesis as C14, C16
and C18 respectively. These cationic lipids were mixed with one of the following
phospholipids:

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

distearoyl-sn-glycero-3-phosphocholine

(DSPC)

or

(DOPE),

1,2-

1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) at a 1:1 molar ratio. Where specified, cholesterol purchased
from Merck (Poole, UK) was added to the cationic and phospholipid mixture prior to
forming the liposomes. All liposomes contained the same molar ratio of cationic lipid
(50%). Where cholesterol was added to the mixture, the molar concentration of
cationic lipid remained constant at 50% and the ratio of phospholipid to cholesterol
was changed according to the specified molar percentage of cholesterol. All cationic
lipids and phospholipids used were purchased from Avanti Polar Lipids (Alabama,
US).

2.1.2 Peptides
The peptides used were 27 (K16RVRRGACRGDCLG) which is an integrin-targeting
peptide with an RGD motif, peptide 28 (K16GACYGLPHKFCG, identified via phage
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display but with an unknown target), as well as three derivatives of peptide 28:
peptide 31 (K16XSXGACYGLPHKFCG), peptide 32 (K16RVRRGACYGLPHKFCG), and
peptide 35 (K16RVRRXSXGACYGLPHKFCG). The sequence highlighted in red indicates
a cleavable linker, whilst the green sequence indicates a small, hydrophobic linker.
Peptide 72 (K16RVRRGACRGECLG) was also used as it has a similar structure to
peptide 27 except for one amino acid substitution rendering it unable to bind to
integrin. The peptides were synthesised by AMS Bio (Abingdon, UK). Peptides were
stored in aliquots at -20 oC and thawed at 4 oC before use.

2.1.3 mRNA
All mRNA was purchased from TriLink Biotechnologies (San Diego California, US).
Firefly luciferase mRNA (5-methylcytidine, pseudouridine), enhanced green
fluorescent protein mRNA (5-methoxyuridine) and cyanine 5 firefly luciferase mRNA
(5-methoxyuridine) were used for experiments.

2.1.4 Tissue Culture Reagents
DMEM and RPMI tissue culture media was purchased from Gibco, Life Technologies,
as was OptiMEM. Foetal bovine serum and penicillin-streptomycin were purchased
from ThermoFisher Scientific.
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2.2

Methods

2.3

Liposome preparation

Liposomes were made using a microfluidic based NanoAssemblr (Precison
Nanosystems, Vancouver Canada). The cationic lipid and phospholipid/cholesterol
were mixed together at a 1:1 molar ratio in ethanol and injected into the cartridge at
a flow rate of 12mL/ min. The resulting liposomes were dialysed overnight in 10k
MWCO cellulose tubing to remove any residual ethanol. They were then sonicated in
a water bath for 20 minutes before being filtered through a 0.45 µm filter and
dialysed overnight again. Prior to use in experiments, liposomes were stored at 4 oC.

2.4

Nanocomplex preparation

Nanocomplexes were prepared by mixing mRNA, liposomes and peptides together
in a specified order. The optimal formulations (denoted RLP) were made by adding
mRNA to an Eppendorf tube, followed by liposomes, and finally the peptides, with
rapid pipetting between each step. The ratios of each component were also
systematically varied, with the optimal formulation being made at a 1:3:4 weight
ratio of mRNA: liposome: peptide.

2.4.1 Preparation for transfection in vitro
Nanocomplexes for in vitro transfection were prepared as described in Section 2.4
The components were mixed in OptiMEM and allowed to incubate at room
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temperature for 30 minutes in a concentrated suspension (3.5µg/mL mRNA) before
being diluted to a final mRNA concentration of 0.5µg/mL for use in transfection
experiments.

2.4.2 Preparation for transfection in vivo
Formulations were prepared as described above in Section 2.4. Complexes for in vivo
use were made in water and were formed at a mRNA concentration of 200µg/mL.
Nanocomplexes were incubated for 30 minutes after mixing at room temperature
but no further dilution step was carried out after the incubation.

2.4.3 Preparation for characterisation experiments
For all characterisation experiments, including Dynamic Light Scattering (DLS),
Nanoparticle Tracking Analysis (NTA), RiboGreen and gel electrophoresis, the
nanocomplexes were prepared as described above in Section 2.4 with the exception
being that they were made in water rather than OptiMEM. Nanocomplexes were
incubated for 30 mins after mixing at room temperature after which they were
diluted to various concentrations depending on the experiment to be carried out
(Table 2-1).
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Table 2-1: mRNA concentrations used in characterisation experiments.

2.5

Experiment

mRNA concentration in formulation

DLS

1 µg/mL

NTA

1 µg/mL

RiboGreen

0.5 µg/mL

Gel electrophoresis

25 µg/mL

Atomic Force Microscopy

1 µg/mL

DSC

10 µg/mL

SAXS

10 µg/mL

Cell culture

B16 F10 (mouse melanoma epithelial-like) cells were cultured in Dulbecco’s Modified
Eagle’s Medium (Life Technologies, UK) supplemented with 10% foetal bovine serum
(Sigma, UK) and 1% penicillin-streptomycin (Sigma, UK). CT26.WT (mouse colon
carcinoma fibroblast) cells and NCI-H358 (human lung carcinoma epithelial) cells
were cultured in RPMI-1640 Medium (Life Technologies, UK) supplemented with 10%
foetal bovine serum and 1% penicillin-streptomycin. Cells were incubated at 37oC
with 5% CO2. Cells were used for experiments until passage 40 after which they were
discarded.
For transfection experiments, cells were seeded (10,000 cells in 200 µL) so to reach
70% confluence at the time of transfection. For luciferase experiments, cells were
seeded in white 96 well plates with clear bottoms. For Enhanced Green Fluorescent
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Protein (EGFP) experiments, clear plates were used and for fluorescent imaging
experiments black 96 well plates with clear bottoms were used. 24 hours after
seeding, nanocomplexes were prepared as described in Section 2.4.1 and added to
the cells. These were then incubated at 37oC with 5% CO2 for 4 hours, after which the
Opti-MEM and nanocomplexes were removed and replaced with culture media
containing serum. The cells were incubated for a further 24 hours at 37oC.

2.6

Luciferase assay for in vitro transfections

24 hours after transfection with luciferase mRNA, reporter protein expression in cells
was measured using luminescence in a Firefly luciferase assay system (Promega, UK).
Cells were lysed with 20 µL of reporter lysis buffer as per the manufacturer’s
protocol. The cells were stored at 4 oC for 20 minutes after which they were
transferred to -80 oC for at least 40 minutes to ensure complete cell lysis.
The lysed cells were thawed to room temperature and luciferase activity was
determined using a FLUOstar Optima plate reader (BMG Labtech, UK) to assess
luminescence. 50µL of luciferase substrate from the Luciferase Assay System was
added to each well prior to measurements. All results were normalised to total
protein content using the Bradford protein assay (Bio-Rad) with the results expressed
as relative luminescence units per milligram of protein.
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2.7

Tumour inoculation, transfections and luciferase expression in mice

C57BL/6 female mice were purchased from Charles River (Charles River Laboratories,
UK). B16 F10 cells were suspended in a solution of 50% RPMI medium and 50%
growth factor reduced matrigel. Mice were scruffed and inoculated with 10,000 cells
(injection volume 0.1mL) subcutaneously on the right flank. Tumours were allowed
to develop for 7 days or until the sizes were between 150mm 3 and 350mm3, after
which mice were injected with nanoparticle formulations. Experimental groups
contained 5 mice and control groups consisted for 3 mice. Animals were dosed intratumourally with 50uL of the nanocomplex suspension previously described (Section
2.4.2). Injections were delivered without anaesthesia and each tumour was injected
(with the same injection) at two different points targeting the outer third of the
tumour, avoiding the central core. Control tumours were not injected with any
substance. Animals were housed for a further 24 hours after which they were culled
via cervical dislocation and tumours extracted. Extracted tumours were weighed,
placed in tubes and 2 µL of reporter gene assay lysis buffer (Promega, UK) added per
milligram of tissue. The mixture was then frozen at -80 oC for 20 minutes, left to thaw
at room temperature for 10 minutes and then placed on ice for a further 10 minutes.
The tumour tissues was homogenised using a Percellys 24 tissue homogeniser
(Exensor, UK) at a 3D motion speed of 5700 rpm for 30 seconds. This homogenisation
process was performed twice with a 30 second delay between the two steps.
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2.8

Bradford protein assay

20 µL of each sample of cell lysate used for the luciferase assay, along with 20 µL of
known Bovine Serum Albumin protein standard samples, was added to 180 µL of
Coomasie reagent in clear plates and incubated for 5 minutes at room temperature.
Both samples and reagent were obtained from Bio Rad (California, US). For in vivo
samples the supernatant following homogenisation was diluted 1:100 in water and
20 µL of the diluted solution mixed with 180 µL of Bio-Rad Protein Assay Reagent.
Absorbance was measured at 590 nm using a plate reader (FLUOstar Optima) and a
standard curve generated. The standard curve was used to quantify the total amount
of protein in each cell lysate sample, which was then used to normalise the RLU
values from the luciferase assay.

2.9

DLS and NTA

Nanocomplexes were prepared as described in Section 2.4.3. For DLS measurements
a sample volume of 1 mL was injected into a folded capillary zeta cell and both Zaverage and zeta-potential were measured using a NanoZS (Malvern Instruments,
Malvern, UK). Each sample was measured in triplicate and the mean particle size
recorded was that based on the intensity distribution of the nanoparticles in water.
For NTA measurements a LM10 system was used and a sample volume of 1 mL was
injected into the sample holder. A camera gain of 11 and screen gain of 6 were used
to acquire videos and analysis was carried out using NTA software (Malvern
Instruments, UK)
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2.10 GFP Quantification and Flow Cytometry
Cells transfected using EGFP mRNA were detached using Trypsin-EDTA and
resuspended in complete cell media in fluorescence-activated cell sorting (FACS)
tubes. Cells were then sorted with a FACS Calibur flow cytometer (BD Biosciences,
California) and analysis was performed with FlowJo software v. 8.8.3.

2.11 CCK-8 cytotoxicity Assay
Nanoparticle-induced cytotoxicity was assessed using the CCK-8 assay (Dojindo,
Molecular Technologies, Japan). Cells were transfected as described above (Section
2.4.1) and incubated for 3 hours. At this point 10 μl of CCK-8 solution was added to
each well and the plate was incubated for a further 1 hour at 37 oC. Absorbance was
measured at 450 nm using a FLUOstar Optima microplate reader. Background
corrected absorbance values of treated cells were normalised to values for untreated
cells, set as 100% viable cells.

2.12 RiboGreen Fluorescence Assay
RiboGreen reagent (ThermoFisher) was mixed with 1 xTris-EDTA buffer (pH 8) at a
1:200 v/v ratio using a vortex, and incubated for 5 minutes at room temperature.
Nanocomplexes were prepared as described above (Section 2.4.3), and were
pipetted into a 96 well plate at a mRNA concentration of 100ng/well. Where heparin
was used, this was added at either 0.5 mg/mL or 1 mg/mL to each well, and the
resultant mixture incubated at room temperature for 30 mins. 100 µL of RiboGreen
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solution was added to each well and after further incubation for 5 mins, fluorescence
was analysed at excitation and emission wavelengths of 485nm and 520nm
respectively using the FLUOstar Optima plate reader (BMG Labtech, Aylesbury UK).
Values were collected as relative fluorescence units (RFU) and these were normalised
to naked mRNA stained with RiboGreen.

2.13 Time-Course Stability Studies
Complexes were formulated (Section 2.4.3) and stored either at 4 oC or at room
temperature ~23 oC. Samples of 1 mL (containing 1.5 μg of mRNA) were measured at
specific time points over 4 weeks to determine their size using the Nano ZS (Malvern
Instruments, UK). The size was recorded as the mean of the intensity-based
distribution of particles. Samples containing 100 ng of mRNA were used for
Ribogreen assays (Section 2.12) and transfection experiments (Section 2.6) at various
time points over 4 weeks.

2.14 Effect of pH on nanoparticle stability
Nanocomplexes were prepared in water but then diluted (1:10) in a specified buffer:
acetate buffer (pH 5), Tris-EDTA buffer (pH 7.4), or phosphate buffer (pH 9) to a final
concentration of 0.5 µg/mL. Samples were incubated for 1 hour before mRNA
complexation was detected using a Ribogreen assay (2.12).
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2.15 Effect of temperature on nanoparticle stability
Nanocomplexes were prepared in water and incubated for 30 mins at room
temperature. Aliquots of the sample were stored at various temperatures overnight.
Samples stored at 4 oC were refrigerated, those at 23 oC were left out of direct
sunlight in the laboratory and those stored at 37 oC were kept inside an incubator.
After 24 hours a Ribogreen assay was carried out as previously described (Section
2.12).

2.16 Effect of heparin on nanoparticle stability
Nanocomplexes were prepared in water and incubated for 30 mins at room
temperature. Heparin was added to complexes at a concentration of either 0.1
mg/mL or 1 mg/mL and the sample incubated for a further 30 mins before being used
for RiboGreen assays or exposed to gel electrophoresis. For Ribogreen assays values
were normalised to samples containing mRNA with the appropriate heparin
concentration stained with Ribogreen.

2.16.1 Effect of RNase on nanoparticle stability
Nanocomplexes were prepared in water and incubated for 30 mins at room
temperature. 10 µg RNase (Generon, UK) was added to the samples and incubated
at 37 oC for 30 mins, after which 8 U of Ribolock RNase inhibitor (ThermoFisher
Scientific, UK) was added. The samples were then either incubated with heparin and
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subjected to gel electrophoresis or diluted with Opti-MEM (Gibco, UK) and used in
luciferase transfection experiments.

2.17 Agarose gel electrophoresis
Gel electrophoresis was used to analyse the binding affinity between the mRNA and
the cationic components. The migration of mRNA through the gel towards the
positive electrode was visualised and compared between formulations. Agarose was
dissolved in 1 x Tris-acetate-EDTA (TAE) buffer to form a 2% w/v solution to which
GelGreen nucleic acid gel stain (Biotium, CA, US) (10µl per 100mL) was added. The
solution was heated and poured into a casting tray and comb mould to set. The comb
was then removed and the gel was placed in an electrophoresis chamber containing
TAE buffer. 18 μL of nanocomplexes, prepared as previously described (Section
2.4.3), were mixed with 2 μL of bromophenol blue loading buffer and pipetted into
the sample wells. A power supply was connected to the chamber and a voltage of
100 kV applied for 40 mins. The gel was then visualised using an UVIdoc system
(Progen scientific, Merton UK) under UV light.

2.18 Transmission Electron Microscopy Images
Nanocomplexes were prepared and a drop of the sample placed onto a 300-mesh
carbon coated copper grid (Agar Scientific, UK) and blotted with filter paper. 1%
uranyl acetate was used to negatively stain the sample which was imaged using an
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SC100 Orius CCD camera (Gatan Abingdon Oxon, KU) under a JEOL 1010 transmission
electron microscope. Imaging of samples was carried out by Dr Marc Dziasko.

2.19 Atomic Force Microscopy
Nanocomplexes were prepared as described (Section 2.4.3). 20 μL of the sample was
deposited onto freshly cleaved mica (Agar Scientific), attached to Teflon. The other
side of the Teflon was stuck to the sample holder. 80 μL of water was added to the
sample which was then left to adsorb onto the mica for around 10 minutes. Samples
were scanned with a Multimode 8 atomic force microscope (Bruker, US) set to peak
force tapping mode. Images were analysed using NanoScope software.

2.20 Small-Angle X-ray Scattering
SAXS measurements were performed using a Ganesha 300XL instrument (SAXSLAB,
Xenocs, France). The angular calibration of the detectors was performed with silver
behenate powder (d-spacing of 58.38 Å). The data were normalized for variations of
the primary beam intensity, corrected for the detector efficiency, and the
background subtracted. Exposure time was 10 hours. The sample was held in a 1 mm
borosilicate glass capillary (capillary tube supplies, UK) and the measurements were
performed at 25 °C.
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2.21 Differential Scanning Calorimetry
DSC was carried out using a Multi-Cell DSC (TA instruments, New Castle, DE).
Liposome suspensions (2.5 mg/mL) and nanocomplex mixtures (10 µg/mL mRNA)
containing MilliQ water were placed into cells and sealed. The reference cell
contained MilliQ water only. Samples were heated to 80-90 oC before a cooling scan
was conducted to 10 oC at a rate of 0.1 oC min-1.

2.22 Trehalose-stored nanocomplex formulations
Complexes were formed as previously described (Section 2.4.1). 20% w/v trehalose
was added to the final nanocomplex suspension and mixed well. Complexes stored
at 4 °C were directly refrigerated and those stored at -80 °C were rapidly cooled in a
dry ice bath before being transferred to a -80 °C freezer. Prior to use for transfection
experiments, all samples were thawed to room temperature.

2.23 Fluorescent microscopy
Nanocomplexes were prepared using either cy5-luciferase or EGFP mRNA as per the
usual protocol (Section 2.4.1). Complexes were added to cells using an Echo 550
Liquid Handler (LabCyte, California, US) at concentrations from 0.125 – 2 µg/ mL. Cells
transfected with EGFP mRNA were incubated in an IncuCyte Zoom (Essen BioScience,
Welwyn Garden City, UK) and images taken at 2 hour intervals using a 10x objective
lens. Cells transfected with cy5 mRNA were incubated and imaged using the
ImageXpress Micro XLS microscope (Molecular Devices, California, US).
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2.24 Sample preparation for confocal microscopy
Cells were seeded in CellCarrier Ultra 96-well plates (Perkin Elmer, Massachusetts,
US) at 20,000 cells/well for B16F10, 10,000 cells/well for CT26, and 20,000 cells/well
for H358 cells. 100ng/well of each liposome formulation (Section 2.4.1) was added
to the growth media at time points ranging from 24 hours to 30 minutes such that all
incubation

times

finished

simultaneously.

Samples

were

fixed

in

4%

paraformaldehyde, and nuclei were stained with Hoechst 33342 (Invitrogen,
California, US) at 1:1000. Cell work was carried out by Dr Morag Hunter at
AstraZeneca, Cambridge.

2.25 Immunocytochemistry
Primary antibodies were both obtained from Abcam (Cambridge, UK) and used at a
final concentration of 1ug/ml: mouse monoclonal anti-EEA1 and mouse monoclonal
anti-Rab7. Goat anti-mouse Alexa Fluor 488 secondary antibody (Life Technologies,
California, US) was used at 1:1000, and Hoechst 33342 (Invitrogen, California, US)
was used at 1:1000.
Samples were prepared as described in Section 2.24. Samples were fixed in 4%
paraformaldehyde, and blocked and permeabilised with Blocking Buffer (PBS-A, 1.1%
BSA, 0.1% Triton-X100). Samples were incubated with primary antibody in Blocking
Buffer overnight at 4°C, washed with PBS, then incubated with secondary antibody
in Blocking buffer and Hoechst 33342 for 45 minutes, followed by PBS washes.
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2.26 Confocal microscopy
Nanocomplexes were prepared using either cy5-luciferase as per the usual protocol
(Section 2.4.1). Images were captured on a Yokogawa CV8000 (Tokyo, Japan)
automated confocal microscope, using a 60x water-immersion objective (numerical
aperture 1.2). Images were analysed in Columbus (version 2.8.2, Perkin Elmer) and
data processed and graphed in Prism (version 7, GraphPad). Cell nuclei and cytoplasm
were identified, and total Cy5 fluorescence was measured in the total cell area
(nucleus and cytoplasm). Cells were scored as positive for intracellular Cy5 if
measured Cy5 fluorescence was above background (defined by cells incubated with
liposome buffer only) on the same assay plate. Imaging was carried out by Dr Morag
Hunter at AstraZeneca, Cambridge.

2.27 Statistics
An ordinary one-way analysis of variance analysis (ANOVA) followed by a Tukey’s
multiple comparison test was used to evaluate data obtained from transfection
experiments where multiple groups were compared. Means were considered
significantly different when p<0.05. All means were taken when n=6 for transfection
experiments and when n=3 for characterisation experiments.
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3 Nanoparticle Optimisation for mRNA Delivery
3.1

Introduction

Lipid-peptide nanoparticles have shown great promise in the delivery of both pDNA
(Tagalakis, Grosse, et al. 2011) and siRNA (Tagalakis, He, et al. 2011), but their
function as vehicles for mRNA delivery has not yet been determined. Due to the
intrinsic differences in composition and structure of pDNA and siRNA as compared to
mRNA, including size and charge density, it is likely that an optimal formulation for
mRNA delivery will differ substantially from those developed for other nucleic acids.
Typical lipid-peptide formulations consist of three components:
1) a cationic lipid, which is able to interact via electrostatic interactions to
complex with the nucleic acid;
2) a phospholipid, which provides structure to the lipid bilayer. Additionally, the
phospholipid may have structural properties allowing for endosomal escape;
3) a peptide sequence, which can allow for targeting to cell-specific receptors,
aiding cell binding and uptake. The peptide also carries a strong positive
charge which allows for tight binding and protection of the mRNA.

The interaction of these components with the nucleic acid results in the formation of
small, self-assembled complexes, about 130 nm in size, which have a strong positive
charge (Mustapa et al. 2009). This positive surface charge is important in the uptake
of the nanoparticle into the cell. The cell membrane has a net negative charge at
physiological pH due to the presence of anionic glycosylated membrane proteins
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(such as heparin sulphate proteoglycans, which are present in abundance in all
animal cells) on the cell surface (Bishop et al. 2007). This negative charge allows for
attractive electrostatic interactions to occur between the cell surface membrane and
the positively charged nanocomplex, increasing cell binding and thus aiding cellular
uptake.

Any variation in the starting materials, in either structure or ratio, can have profound
effects on the supramolecular structure of the nanoparticles which may alter the
ability of the formulation to transfect cells. Therefore, in order to deliver mRNA
successfully to a range of cancer cells, the lipid-peptide vector needs to be optimised
in terms of both the liposome and peptide components. The optimised particles must
be small enough so that cell uptake is not hindered, and the surface charge must be
sufficiently positive to allow for interaction with cell membrane but not so positively
charged that toxicity occurs (Fröhlich 2012). There is no firm agreement on the
optimal particle size for effective nanoparticle uptake but it is generally accepted that
they should be < 200 nm to be taken up into the cell via endocytosis (Banerjee et al.
2016) and smaller nanoparticles (20-50 nm) are more readily internalised by nonphagocytic cells (Fröhlich 2012).

This chapter investigates the effects of structural variation of the three components
on the transfection efficiency and basic biophysical properties of mRNA lipid-peptide
nanocomplexes.
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3.2

Aims

In this chapter the components of the lipid-peptide vector were optimised, in terms
of both their ratio and composition, and their ability to transfect B16 F10 melanoma,
CT26 colon carcinoma and NCI-H358 lung cancer cells was assessed via luciferase
reporter assays. The fundamental biophysical properties such as size and zeta
potential of the vector were also investigated.

In order to determine the ratio and combination of components that produce
formulations able to transfect cells with high levels of efficiency, a full factorial screen
was carried out. Using this type of methodology allows for the examination of
second-order interactions between factors which would not be taken into account
one varying only one factor at a time.
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3.3

Results and Discussion

3.3.1 mRNA vector optimisation

3.3.1.1 Preliminary optimisation
Preliminary experiments were designed to establish a narrow set of parameters
which could be used to optimise the nanoparticles for mRNA delivery. The order of
component mixing, dose of mRNA, lipid chain length, peptide targeting and
cholesterol concentration were all considered in the preliminary screening.

3.3.1.1.1 Order of component mixing
Initial experiments centered on identifying whether the order in which components
were mixed together could impact upon nanocomplex structure and/or transfection
ability. The liposome (L), peptide (P) and mRNA (R) components were formulated
together in different orders at two weight ratios, 2:4:1 and 3:4:1 which equate to
nitrogen/phosphate (N/P) charge ratios of 4.5: 1 and 4.8: 1 respectively. L:P:R
Formulations are denoted ABC to reflect the order of component addition (A before
B, B before C). For initial experiments liposomes consisted of C16 and DOPE at a 50:50
molar weight ratio, which were mixed with peptide 27 and luciferase mRNA. The
ability of the complexes to deliver luciferase mRNA to B16 F10 melanoma and CT26
colon cancer cells was tested.
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It was observed that the formulations in which the peptide was added last, gave
significantly higher levels of transfection (P ≤ 0.05) in CT26 cells at the 2:4:1 ratio
(Figure 3-1a), both for the LRP and RLP compared to all other systems. Similar trends
were seen in the B16 F10 cell line, with the RLP formulation being more potent than
all other orders of mixing (Figure 3-1b). The improvement in transfection seen with
complexes in which the peptides are added last may be a result of more rapid
nanocomplex assembly into a stable, compact form with the peptide on the surface
(Pärnaste et al. 2017) when this mixing order is used. This could lead to higher levels
of transfection compared to other less stable complexes that have not yet arranged
to form their ideal structures at the point of transfection. Although our preliminary
experiments have shown that the components assemble instantaneously upon
contact into nanocomplexes, forming small particles measuring around 120 nm, it is
highly likely that the molecules continue to re-arrange to more favourable, stable,
arrangements over time.
Although both cell lines tested behaved in the same manner in expressing the
reporter protein at higher levels when transfected with RLP or LRP particles, they
behave rather differently when it comes to variation of the component ratios. In
general, formulations generated using the lower ratio of lipid (2:4:1) were able to
transfect better in CT26 cells than those containing a higher amount of lipid, whereas
the opposite trend was observed with B16 F10 cells (Figure 3-1b). This phenomenon
cannot be attributed to charge as the difference in charge ratios between the
formulations (4.5: 1 in the 2:4:1 ratio vs 4.8: 1 in the 3:4:1 ratio) is minimal. As the
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RLP nanocomplexes performed well in both cell lines tested, this order of mixing was
used for all subsequent experiments described in this work.

L:P:R

L:P:R

Figure 3-1: Transfection efficacy of the preliminary nanocomplex screen, exploring different component ratios
and order of component mixing. Luciferase activity was measured in relative light units per mg of protein
following transfection with different ratios and order of mixing of the complex components. Nanocomplexes were
made using C16 liposomes, peptide 27 and luciferase mRNA and used to transfect a) B16 F10 cells and b) CT26
cells. Formulations which share a letter are not significantly different whilst those which do not are considered
significantly different (P ≤ 0.05) based on a one-way ANOVA with Tukey post-hoc analysis. Data shown as mean
±SEM, n=6.
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3.3.1.1.2 mRNA dose for transfections
To determine the dose of mRNA that gives optimal transfection, B16 F10 cells were
transfected with varying concentrations of mRNA from 25 ng to 200 ng per well
(equivalent to 0.125 – 1 µg/mL).

R:L:P

Figure 3-2: Transfection of B16 F10 cells with different amounts of mRNA per well in a 96 well plate to determine
optimal mRNA dose. Luciferase activity measured after transfection of B16 F10 cells with RLP complexes at weight
ratios of either 1:2:4 or 1:3:4 R:L:P using C16-DOPE liposomes and ME27 peptides using varying amount of
luciferase mRNA per well on a 96 well plate. B16 F10 cells were used to screen a range of mRNA doses from 25200 ng per well. Formulations which share a letter are not significantly different whilst those which do not are
considered significantly different (P ≤ 0.05) based on a one-way ANOVA with Tukey post-hoc analysis. Values are
shown ± SEM, n=6.

An increase in luciferase expression was observed with higher mRNA doses (Figure
3-2). At doses above 100 ng there was no further increase in transfection and a slight
reduction in cell growth rate was observed when visually inspecting the cells. It was
unclear whether this should be attributed to high levels of the mRNA itself, or the
toxicity associated with the corresponding high amount of liposomes and peptides
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added to form the complex. As seen previously in B16 F10 cells, the R: L: P ratio 1:2:4
led to lower transfection efficiency than the 1:3:4 ratio.

Although the improvement in transfection when using 100 ng compared to 50 ng was
not significant, the 100 ng dose was taken forward into proceeding studies due to
the high level of transfection and absence of any negative effects on cell growth and
proliferation.

3.3.1.1.3 Lipid chain length
Studies have found that liposomes with shorter alkyl chains are able to fuse with the
cell and endosomal membranes more effectively than those with longer chains,
leading to higher levels of transfection (Felgner et al. 1994). In order to investigate
the effect of lipid hydrocarbon chain length on transfection, cationic lipids with the
same headgroup structure but varying alkyl chain lengths (C14, C16 and C18) were
combined with the phospholipid DOPE to form mRNA-liposome (RL) as well as full
mRNA-lipid-peptide (RLP) complexes. In addition to altering the cationic lipids,
peptide-only complexes (RP) were also made using the integrin-targeting peptide 27
and peptide 28 (which binds to a wide range of cells, although its target is unknown).
These complexes were used to deliver luciferase mRNA to B16 F10 and CT26 cells
(Figure 3-3).

Both mRNA-peptide (1:4 ratio) complexes and mRNA-liposome (1:3 ratio) complexes
were able to transfect both cell lines, but only with low levels of reporter protein

92

expression. No differences between mRNA-liposome complexes were observed;
however, the addition of either peptide to the liposome complex resulted in a
significant (p<0.05) increase in luciferase expression. This is in accordance with
previous work showing the synergistic effect of the liposomes and peptides in
improving transfection (Munye et al. 2015). This improvement is thought to be a
result of the advantageous properties of both the liposome and peptide system being
integrated into one. The peptides are responsible for the formation of small, cationic
particles and then liposomes allow for better cellular uptake due to their
fusogenicity. The improvement could also be explained by an increase in N/P ratios
from 2.24 – 2.67: 1 for mRNA-liposome complexes to 4.8: 1 for full RLP complexes.
However, mRNA-peptide complexes (N/P ratio 12: 1) failed to transfect cells
effectively despite their high charge ratio.
The RLP complexes containing peptide 27 led to good levels of transfection of B16
F10 cells with the C14-peptide 27 formulation, giving significantly higher luciferase
expression (P < 0.05) than all other formulations except C16-peptide 27 (Figure 3-3a).
Similar trends were seen in CT26 cells (Figure 3-3b), with peptide 27 also performing
better, although these differences were not statistically significant in this case. The
general trends show the order of efficacy to be C14 > C16 > C18, although in some
experiments the differences are not significantly significant. This is in accordance
with other data (Hiwale et al. 2017) which demonstrated that cationic lipids with
shorter chains (C12 and C14) had higher efficacy in vitro.
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Figure 3-3: Transfection efficacy of RLP (1:3:4) nanocomplex screen, exploring different lipid and peptide
components. Luciferase activity was measured for a) B16 F10 cells and b) CT26 cells following transfection with
RLP (1:3:4) complexes using either C14, C16 or C18 liposomes and either peptide 27 or peptide 28. Formulations
which share a letter are not significantly different whilst those which do not are considered significantly different
(P ≤ 0.05) based on a one-way ANOVA with Tukey post-hoc analysis. Data shown as mean ± SEM, n=6.
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3.3.1.1.4 Assessment of peptide targeting
B16 F10 cells express surface integrin receptors α5, αv and β1 (Ratheesh et al. 2007)
and CT26 cells express α5 (Borza et al. 2006). These receptors are targeted by the
Arg-Gly-Asp motif present in peptide 27, so the increased transfection efficacy may
be due to the integrin-targeting effect of peptide 27 complexes allowing enhanced
uptake into the cell. Alternatively the result could be caused by structural differences
between peptides 27 and 28 causing changes in the configuration of the overall
complex, making the peptide 27-containing systems better able to transfect cells.

In order to investigate this further, complexes containing the 72 peptide were
explored (Figure 3-4). 72 differs from 27 only by one amino acid substitution, from
RGD to RGE, rendering the peptide unable to bind to integrin receptors but retaining
the same structural and chemical properties. The 72 complexes were found to
perform as well as 27 containing complexes in all formulations, suggesting that the
integrin-targeting effect does not play a significant role in the improved transfection
efficiency of these complexes compared to peptide 28 systems. The effect on
transfection may in fact be due to the increased positive charge of 27 and 72 peptides
(net charge +19) compared to peptide 28 (net charge +17), which allows for stronger
interactions between the peptide and the negatively charged mRNA (Raad et al.
2014).
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27
72

Figure 3-4: Transfection efficacy of RLP systems containing both integrin-targeting (27) and non-integrin
targeting (72) peptides. Luciferase activity was measured in B16 F10 cells after transfection with RLP (1:3:4)
complexes using C14, C16 and C18 DOPE liposomes and either 27 or 72 (scrambled) peptides. None of the
formulations tested are considered significantly different (P ≤ 0.05) based on a one-way ANOVA test with Tukey
post-hoc analysis. Data shown as mean ±SEM, n=6.

3.3.1.1.5 Cholesterol concentration
Cholesterol is used in many other lipid-based nanoparticle systems due its role in
stabilizing lipid membranes (Chan et al. 2014). It has also been shown to have a
profound effect on membrane structure by promoting the formation of certain lipid
arrangements, either lamellar or inverted hexagonal, depending on the molar
concentration used within the system (Takahashi et al. 1996). Thus, we chose to
investigate the effect of cholesterol on transfection efficiency by varying the molar
cholesterol ratios within the liposome over the range 0 to 50%, both at usual no
serum (Opti-MEM) and serum (DMEM supplemented with 10% FBS) conditions
(Figure 3-5). When a nanoparticle is introduced into serum, proteins interact with the
particle surface forming a protein corona which can play a crucial role in transfection
efficiency (Pozzi et al. 2015) . For this reason, is important to consider transfection in
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the presence of serum as it is more representative of performance in vivo. The level
of reporter protein expression increased proportionally with higher amounts of
cholesterol in low serum conditions, although this difference was only statistically
significant at cholesterol concentrations at 30% or above, with these formulations
producing significantly higher luciferase levels compared to all the formulations
tested in low serum. Note that the charge ratio between formulations is constant as
the concentration of cationic lipid remains unchanged despite changed in cholesterol
concentrations. The improvement of in transfection seemed to level off at 30%
suggesting a saturation in the effect of cholesterol at this concentration. This is
comparable to other groups who have found that 40% is optimal for mRNA delivery
(Oberli et al. 2016) and 38% for siRNA delivery (Ball et al. 2017). It is thought that
this is the concentration at which cholesterol imparts increased rigidity to the lipid
membrane, improving stability and consequently transfection (Betker et al. 2013).

Nanocomplexes tested in normal media, containing serum (10% FBS), showed that
the performance of all the formulations decreased dramatically under these
conditions. However, formulations containing 30% cholesterol or higher showed a 34 fold improvement in transfection over those with low or no cholesterol. It is well
known that the presence of serum decreases transfection efficiency (Zelphati et al.
1998; Simberg et al. 2004). Albumin, a major component of serum, interacts with
positively charged nanoparticles forming a protein corona. This reduces the surface
charge of the nanoparticles, thus limiting their ability to bind to the cell membrane
or its surface receptors (Cho & Holback 2013; Tenzer et al. 2013). These results
suggest that inclusion of cholesterol into the lipidic membrane of the nanocomplex
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reduces serum protein interactions, thus increasing availability for nanocomplex
fusion with cells and increasing intracellular uptake.

No FBS
10% FBS

Figure 3-5: Transfection efficiency of RLP complexes, exploring the effect of cholesterol within the system and
the effects of different serum concentrations. Cholesterol at different molar percentages was incorporated into
the C14 DOPE 27 formulation and levels of luciferase expression detected after 24 hours in B16 F10 cells.
Transfections were carried out in no serum (Opti-MEM) and serum (DMEM + 10% FBS) media. Formulations which
share a letter are not significantly different whilst those which do not are considered significantly different (P ≤
0.05) based on a one-way ANOVA test with Tukey post-hoc analysis. Data shown as mean ± SEM, n=6.

3.3.1.2 Nanoparticle screening
Using the preliminary data obtained from the initial optimisation experiments, a
screen of formulations for the delivery of mRNA to B16 F10 cells was created in order
to find the optimal combination of components for efficient transfection.
Nanoparticles were developed using a methodical multifactorial approach (Table
3-1). Formulations were assessed in-vitro in consecutive screens, with the best
performing being taken forward at each stage. Experiments were designed so that
multiple factors were systematically varied at a time allowing the exploration of the
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effect of second-order interactions. The effect of cationic lipid alkyl chain length was
explored by comparing C14, C16 and C18 (Section 3.3.1.1.3). The phospholipids DSPC,
DOPC and DOPE were investigated to determine the effect of headgroup size and
chain saturation on mRNA delivery. DOPE has the smallest headgroup whilst DOPC
and DSPC have the larger choline headgroup. Additionally, DOPE and DOPC have a
double bond present on the alkyl chain whereas DSPC has saturated chains. The
peptides assessed had one of two receptor targeting domains. The integrin-targeting
peptide 27 was used along with peptide 28 (as previously described in Section
3.3.1.1). The effect of altering the spacer between the lysine chain nucleic-acid
binding domain and the receptor targeting moiety on transfection efficiency was also
assessed by using three derivatives of peptide 28: peptides 31, 32 and 35 (Figure 3-6).
Table 3-1: Formulation parameters used in lipid-peptide nanocomplex optimisation for mRNA delivery

Screen

Cationic

Phospholipid

Peptides

lipid

A

C14

DOPE

27

C16

DOPC

28

C18

DSPC

31

Cholesterol

Peptide/

Total lipid /

content

mRNA weight

mRNA

(molar %)

ratio

weight ratio

0

4

3

0 – 30

4

3

30

3–5

2–4

32
35
B

C14

DOPE

32

C16

DOPC

35

DOPE

35

C18
C

C14
C16
C18
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Figure 3-6: Diagram showing structures of the peptide components. K16 is the lysine chain that makes up the
mRNA binding domain. The K16 chain is connected to the cell targeting sequence via a spacer; either the RVRR
spacer which is cleavable by furin and cathepsin B enzymes, or the xSx linker which is hydrophobic. In the case of
peptide 28, no spacer is present.
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3.3.1.2.1 Optimisation of components (Screen A)
In screen A the three components of the lipid-peptide formulation were optimised
whilst their ratios were kept constant. Due to the smaller number of variables (two
three-level and one five level factor, 3x3x5) a full factorial screen could be used.
Screen A centred on identifying which combinations of components were able to
deliver mRNA into cells with the highest levels of transfection, as detected by
luciferase reporter protein expression. 45 formulations were screened (Table 3-2) in
order to eliminate any components that performed sub-optimally as well as identify
those that led to a noticeable improvement on transfection efficiency.
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Table 3-2: Properties of nanoparticle formulations in screen A

Formulation

Cationic
Lipid

Phospholipid

Peptide

14-DOPE-35
18-DOPE-35
14-DOPC-35
14-DOPC-32
16-DOPE-35
16-DOPC-28
14-DOPE-31
18-DOPC-27
18-DOPE-32
16-DOPC-27
14-DOPE-32
16-DOPC-32
18-DSPC-27
14-DOPE-27
16-DOPE-27
14-DOPE-28
16-DSPC-28
14-DOPC-27
16-DOPC-31
18-DOPE-28
14-DSPC-35
18-DOPE-27
16-DOPE-32
18-DOPC-32
16-DSPC-35
18-DOPC-31
18-DOPC-28
16-DOPE-28
18-DOPE-31
16-DSPC-32
14-DSPC-27
14-DSPC-32
14-DSPC-31
18-DSPC-28
14-DOPC-28
16-DOPE-31
16-DSPC-27
16-DOPC-35
18-DOPC-35
18-DSPC-31
18-DSPC-32
14-DOPC-31
14-DSPC-28
18-DSPC-35
16-DSPC-31

C14
C18
C14
C14
C16
C16
C14
C18
C18
C16
C14
C16
C18
C14
C16
C14
C16
C14
C16
C18
C14
C18
C16
C18
C16
C18
C18
C16
C18
C16
C14
C14
C14
C18
C14
C16
C16
C16
C18
C18
C18
C14
C14
C18
C16

DOPE
DOPE
DOPC
DOPC
DOPE
DOPC
DOPE
DOPC
DOPE
DOPC
DOPE
DOPC
DSPC
DOPE
DOPE
DOPE
DSPC
DOPC
DOPC
DOPE
DSPC
DOPE
DOPE
DOPC
DSPC
DOPC
DOPC
DOPE
DOPE
DSPC
DSPC
DSPC
DSPC
DSPC
DOPC
DOPE
DSPC
DOPC
DOPC
DSPC
DSPC
DOPC
DSPC
DSPC
DSPC

35
35
35
32
35
28
31
27
32
27
32
32
27
27
27
28
28
27
31
28
35
27
32
32
35
31
28
28
31
32
27
32
31
28
28
31
27
35
35
31
32
31
28
35
31

Zaverage
(nm)
124
139
181
139
122
193
126
200
119
100
123
139
105
78
122
74
99
126
207
202
82
139
104
84
148
67
98
109
163
66
115
105
149
217
87
126
197
209
87
135
94
95
113
86
152

PDI
0.31
0.32
0.29
0.34
0.32
0.35
0.34
0.43
0.42
0.34
0.41
0.43
0.37
0.41
0.31
0.42
0.43
0.49
0.46
0.44
0.24
0.42
0.30
0.41
0.46
0.43
0.34
0.40
0.48
0.33
0.34
0.33
0.38
0.41
0.34
0.25
0.29
0.29
0.34
0.31
0.28
0.32
0.40
0.24
0.40

Z – potential
(mV)
37
53
50
37
43
57
43
67
60
61
62
49
58
59
47
52
44
45
57
49
56
59
56
55
48
41
60
50
57
54
32
45
59
55
55
61
58
63
45
59
52
53
46
50
51

mRNA
Complexation
Efficiency (%)
93.6
90.5
90.4
91.0
94.2
90.0
89.6
91.6
89.7
95.8
88.8
90.1
95.1
92.8
93.6
89.2
94.1
95.5
91.2
89.1
90.8
93.2
89.7
91.3
90.3
95.7
90.9
88.8
92.3
94.8
96.1
95.5
94.9
94.1
95.5
89.9
95.5
88.9
91.2
95.3
95.7
92.2
93.2
88.6
94.6
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Figure 3-7: Screen A – Comparison of cationic lipids, phospholipids and peptides components in the lipid-peptide nanocomplex. Cationic lipids C14, C16 and C18 were screened against different
phospholipids (DOPE, DSPC, DOPC) and peptides 27, 28, 31, 32, 35) in B16 F10 cells. * indicates statistical variation where p ≤ 0.05, **** indicated statistical variation where p ≤ 0.0001 based
on a one-way ANOVA test with Tukey post-hoc analysis. Data shown as mean ± SEM, n=6.
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Figure 3-8: Schematic describing the lipid phases induced by certain lipid structures. Taken from Suetsugu et al.
2014.

Five systems resulted in significantly higher levels of luciferase expression than the
other formulations (Figure 3-7). These five best-performing formulations had similar
traits; they all contained either the phospholipids DOPE or DOPC and peptides 35 or
32. In general, formulations containing the peptides 35, 32 or 27 performed better
than those with peptides 31 and 28. This suggests that the cleavable linker RVRR
which is common to peptides 35, 32 and 27 (Figure 3-6), improves transfection
efficiency. The RVRR motif is recognised by the enzymes furin and cathepsin B which
are present in the endosome (Mustapa et al. 2009). One possible hypothesis for the
improved transfection is that once taken up into the cell via endosmal encapsulation,
rapid dissociation of the peptide’s targeting moiety from the nucleic acid bound
domain promotes detachment of the nanocomplex from the endosomal membrane/
targeting receptor, allowing improved escape (Mustapa et al. 2009). It may also be
that the higher positive charge of peptides 32, 35 (+20) and ME27 (+19) compared
with peptides Y and 31 (+17) allows for better complexation of the peptide with the
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negatively charged mRNA via strong electrostatic interactions, which may aid
association with the negatively charged cell membrane and thus increase uptake.
Of all the components, the one that may have exerted the biggest influence on lipid
membrane structure is the phospholipid. Phospholipids with smaller headgroups
along with unsaturated hydrocarbon chains are conical in shape (Figure 3-8) and
assemble in inverted micellar phases, commonly an inverted hexagonal phase
(Takahashi et al. 1996). Typically, this phase is very unstable and can promote
destabilisation of the cell and/or endosomal membrane upon fusion (Zhigaltsev et al.
2002), dramatically enhancing RNA release.

Phospholipids with large headgroups and saturated hydrocarbon chains adopt a
more cylindrical structure which by nature is very stable due to the ability of these
lipids to form tight flat bilayer sheets (Suetsugu et al. 2014). This stable lamellar
phase, although improving membrane stability, can make mRNA release from the
nanoparticle quite difficult. As DSPC is the most cylindrical shaped phospholipid
tested, it seems likely that the formulations with this component did not release
mRNA readily, resulting in lower protein expression in cells. However, DOPE has the
smaller headgroup as well as unsaturated chains (giving rise to a ‘kink’ in the tails),
and hence is very conical in shape. DOPE thus forms a less stable membrane within
the nanocomplex, from which mRNA is released quite easily.
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The structure of DOPC lies in between the two other phospholipids, as although it
also has the larger choline headgroup, the presence of the partially unsaturated chain
renders its properties different from DSPC. However, similarly to DSPC, the lamellar
structure of DOPC generally led to poor transfection, due to limited mRNA release
from the lipoplex. The superiority of DOPE over DOPC is in accordance with previous
findings where the two were tested in lipid-peptide complexes used to deliver DNA
to a bronchial epithelial cell line (Du et al. 2014). The length of the cationic lipid alkyl
chains seems to have less of an impact on transfection than the phospholipids, with
all three cationic lipids being present in the top five formulations. However, as seen
with the preliminary experiments (Figure 3-3), C14 is generally the better performing
cationic lipid and is present in the formulation giving highest level of protein
expression.

Certain properties, most importantly the size and surface charge, of a nanoparticle
formulation can significantly influence cellular uptake and thus and transfection
efficiency. The hydrodynamic size and zeta-potential of all the nanoparticles tested
in Screen A were measured and compared (Table 3-2), but no clear relationships
between the components used in the formulation and the size or charge of the
particle produced were observed. All formulated RLP nanoparticles were small in
size, ranging from around 65-200 nm, and also quite monodisperse, with little
variation in size except for a slight tendency towards aggregation in all formulations,
which led to higher polydispersity values being measured.
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3.3.1.2.2 Optimisation of cholesterol content (screen B)
The optimal formulations were taken forward to subsequent screening where the
effects of adding cholesterol into the nanocomplexes on their transfection efficiency
were investigated in the five top performing formulations from Screen A. The results
are shown in (Figure 3-9).

As seen previously (Section 3.3.1.1), the addition of up to 30% cholesterol improves
transfection efficiency, so this was tested in the five formulations in attempts to
improve further their ability to transfect B16 F10 cells. All formulations containing
the phospholipid DOPE were able to significantly improve reporter protein
expression when 30% cholesterol was added into the nanocomplex (Figure 3-9 a, b
and e). The same trend was observed with DOPC-containing complexes, but this was
not significant (Figure 3-9 c and d). It has been suggested that cholesterol promotes
fusion of the nanocomplex and cell membrane, leading to enhanced uptake into the
cell as well as better endosomal release into the cytoplasm (Pozzi et al. 2012). The
data presented here agree with the concept that cholesterol enhances transfection,
although the mechanism and specific role of the molecule remain to be determined.

The formulations from Screen B containing DOPC were eliminated due to their much
lower levels of transfection after the addition of cholesterol, as compared to the
DOPE-containing formulations. As the observed difference in the performance of C14
compared to C16 and C18 warranted further investigation, all were used in screen C
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where further optimisation of the nanocomplexes was carried out to determine the
optimal ratio of all components involved.

Figure 3-9: Screen B – Exploring the effect of cholesterol on the optimal lipid-peptide nanocomplex
formulations. Cholesterol was added to liposomes at molar ratios up to 30% in different formulations: a) C14DOPE-35, b) C18-DOPE-35, c) C14-DOPC-35, d) C14-DOPC-32, and e) C16-DOPE-35 on B16 F10 cells. Formulations
which share a letter are not significantly different whilst those which do not are considered significantly different
(P ≤ 0.05) based on a one-way ANOVA test with Tukey post-hoc analysis. Data shown as mean ±SEM, n=6.
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3.3.1.2.3 Optimisation of component ratios (screen C)
Liposome to mRNA weight ratios of 2-4 and mRNA: peptide weight ratios of 3-5 were
assessed to determine the optimal composition of components for transfection
(Figure 3-10). The 30% cholesterol formulations from screen B were tested, since to
explore the full library would be impractical. The order of the formulations are mRNA:
liposome : peptide.

Figure 3-10: Screen C – Optimising the ratios of liposome and peptide components to mRNA. Liposomes ratios
of 2-4 and peptide ratios 3-5 were tested in B16 F10 cells using the top performing formulations from preceding
screens: a) C14 DOPE 35 with 30% cholesterol, b) C16 DOPE 35 with 30% cholesterol, and c) C18 DOPE 35 with
30% cholesterol. Formulations which share a letter are not significantly different whilst those which do not are
considered significantly different (P ≤ 0.05) based on a one-way ANOVA test with Tukey post-hoc analysis. Data
shown as mean ± SEM, n=6.
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It was observed that the ratio of peptide to mRNA had little effect on transfection
efficiency. Increases from 3 to 5 caused no significant increases in reporter protein
expression in any of the formulations tested (Figure 3-10) suggesting that it is
changes in liposome content that have the greatest influence on transfection.

Low liposome ratios of 2 resulted in little protein expression irrespective of the
peptide ratio within the nanocomplex. Increasing liposome ratio from 2 to 3
significantly increased transfection levels across all the tested formulations. Further
increasing the ratio to 4 led to improvement in transfection, particularly combined
with parallel increases in peptide ratio; however, this also led to nanocomplexes with
a noticeable decrease in cell proliferation, as the wells treated with these
formulations were less confluent after transfection. Since much of the nanoparticle
toxicity stems from the amount of lipid used in the formulation, it is important to
ascertain the minimal liposome ratio that gives the most effective transfection. For
this reason, the 1:3:4 RLP ratio was selected. The ratios used for DNA (Mustapa et al.
2009) and siRNA (Tagalakis, He, et al. 2011) delivery are 1:2:4 (DNA: Liposome:
Peptide) and 1:1:4 (siRNA: Liposome: Peptide). mRNA nanoparticles require the
highest liposome content for effective delivery but the amount of peptide is constant
with all three nucleic acids. The reasons for the differences in optimal liposome ratios
between the nucleic acids is unknown.

3.3.2 Transfections in other cell lines
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Transferability of a delivery vector to multiple cell lines is of major importance in the
development of a therapeutic. Having screened a range of formulations and
optimised the nanocomplex for mRNA delivery in B16 F10 cells, it was important to
establish whether or not this formulation was cell specific. To assess how the
formulation trends compare in other cancer cell lines, NCI-H358 (a human lung
cancer) and CT26 (a mouse colon cancer cell line) were transfected with the three
top-performing and three worst-performing formulations (from the B16 F10 screens)
containing luciferase mRNA. In addition to this, the three optimal formulations were
tested without cholesterol in order to determine whether the improvement of
transfection with cholesterol was a cell specific phenomenon.

Similar trends were observed with all the cell lines (Figure 3-11). The DSPC
formulations produced significantly lower levels of reporter protein than all other
tested formulations, which is in accordance with the results of screen A in B16 F10
cells. In all the cell lines tested, the addition of cholesterol to the formulation
improved transfection, although to varying degrees. There was a 5–fold
improvement in transfection efficiency with the C14 cholesterol formulation
compared to the C14 formulation in B16 F10 cells. The difference between these
formulations was also significant in CT26 cells, whereas there was only a slight
improvement in NCI-H358 cells. It seemed that the NCI-H358 cells were more
susceptible to transfection (Altogen Bio n.d.), as even the worst-performing
formulations (containing DSPC) produced quite high RLU values. This may explain the
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reduced effect of optimised formulations as it is difficult to improve transfection in
cells that already take up vehicles so readily.

Figure 3-11: Exploring the ability of the optimised formulation to transfect other cancer cell lines Luciferase
activity was measured in a) B16 F10, b) CT26, and c) NCI-H358 cells following transfection with the optimised
formulations with and without cholesterol, as well as the three worst performing formulations from screen A.
Formulations which share a letter are not significantly different whilst those which do not are considered
significantly different (P ≤ 0.05) based on a one-way ANOVA test with Tukey post-hoc analysis. Data shown as
mean ± SEM, n=6.
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3.3.3 GFP Transfections
Luciferase was used as the reporter mRNA sequence in all optimisation experiments
due to its high sensitivity and broad dynamic range. However, it can only be used to
detect expression by an overall population of cells. In order to gather information on
the number of individually transfected cells, an eGFP assay was used.

The optimal cholesterol-containing nanocomplexes from screen B were tested
against their non-cholesterol counterparts for their ability to deliver eGFP mRNA to
B16 F10 cells. Due to the reduced sensitivity of fluorescence assays, no differences in
the percentage of GFP positive cells could be seen between cholesterol-containing
formulations and those without cholesterol (Figure 3-12). However, there was a
significant increase (P < 0.05) in the mean fluorescence intensity between the two
sets of formulations (Figure 3-13a). Cells transfected with cholesterol nanocomplexes
produced brighter GFP expression, with many of the cells eliciting stronger signals
than seen with cells transfected with nanocomplexes without cholesterol. This
suggests that cholesterol-complexes are not transfecting more cells than the noncholesterol complexes, but instead seem to be releasing more mRNA within the cells
which do become transfected. This finding is in accordance with other work stating
the presence of cholesterol within the nanoparticle membrane promoted fusion with
the endosomal membrane, dramatically enhancing transfection efficiency (Zidovska
et al. 2009). This work suggested that cholesterol reduces the hydration layer, which
would repel the two membranes, allowing for increased fusion between them and
facilitating release of the cargo from the endosome. The effect of cholesterol was
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observed in two cell lines, B16 F10 (Figure 3-13a) and CT26 (Figure 3-13c). No was no
difference in fluorescence intensity of transfected NCI-H358 cells (Figure 3-13b).

Figure 3-12: Transfection efficacy of optimal complexes, exploring the percentage of the cell population via GFP
expression. Transfection efficiency was probed in B16 F10 cells 24 hours after delivery of eGFP mRNA. a)
Fluorescent microscopy images (scale bar = 200 µm) and b) FACS analysis of eGFP positive cells following
transfection using cholesterol and non-cholesterol complexes. Data presented are from 1 representative
experiment out of 3 separate experiments.
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Figure 3-13: Percentage GFP expression following transfection with optimal complexes, investigating
expression induced from cholesterol and non-cholesterol formulations. Optimal vectors containing C14, C16 or
C18 with DOPE and peptide 35, either with or without 30% cholesterol, were tested in GFP transfections of a) B16
F10 cells, b) NCI-H358 cells and c) CT26 cells. Graphs on the left shows percentage of eGFP positive cells within a
population and graph on right shows the average intensity of positive cells 24 hours after transfection. Data shown
as mean ± SEM, n=3.
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3.3.4 Nanocomplex cytotoxicity
The cytotoxicity of formulations from screens A, B and C were investigated using a
CCK-8 assay. This is a colourmetric assay that determines cell viability by measuring
the reduction of a tetrazolium salt by the cellular dehydrogenase present in living
cells. Lipofectamine, a commercial in-vitro transfection reagent, was used as a
control along with naked mRNA. Both the highest and lowest transfecting
formulations had a minimal effect on cell viability and the treated cells were as
healthy as non-transfected cells (Figure 3-14). Within the best performing
formulations, those containing the C14 lipid showed significantly higher cell viability
than those containing either C16 or C18 (Figure 3-14a). The packaging of mRNA
within the nanocomplex decreased the toxicity associated with delivering mRNA
alone, which reduced viability by approximately 12%. Lipofectamine 2000 decreased
cell viability by 30%, which was a significant reduction compared to all other
treatments. mRNA appears to induce less cellular toxicity than siRNA, where similar
studies have shown siRNA lipid-peptide nanocomplexes to reduce viability by ~20%
(Tagalakis, He, et al. 2011).
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Figure 3-14: Percentage cell viability after transfection with optimal and non-optimal complexes. Percentage of
viable cells was tested using CCK-8 assay after transfection of B16 F10 cells with a) the best-performing
formulations and b) the worst-performing formulations. Formulations sharing a letter are not significantly
different whilst those which do not are considered different (P ≤ 0.05) based on a one-way ANOVA test with Tukey
post-hoc analysis. Data are shown as mean ±SEM, n=3.

Increasing the concentration of cholesterol in the formulation also had no effect on
cell health. The biggest indicator of toxicity was the ratio of peptide used.
Independent of the liposome concentrations, a peptide ratio of 5 significantly
reduced the viability of cells in comparison to a peptide ratio of 3 (Figure 3-15).
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Figure 3-15: Percentage of viable cells after transfection with complexes, exploring the effect of varying
cholesterol and R:L:P ratios. The effect of a) increasing molar percentages of cholesterol, and b) c) and d) differing
R:L:P ratios on the cell viability of B16 F10 cells were tested using a CCK-8 assay. ** indicates statistical variation
where p ≤ 0.01, **** indicates statistical variation where p ≤ 0.0001 based on a one-way ANOVA test with Tukey
post-hoc analysis. Data are show as mean ±SEM, n=3.

The liposome ratio did not have a major influence on relative cell viability, although
a small drop (~ 10%) was seen comparing the 1:3:4 formulation to the 1:4:4. This
corroborates the findings noted previously (Section 3.3.1.2.3), where cells
transfected with the higher liposome ratio produced higher levels of protein but the
cells were less healthy. This could be a result of an increase in net charge. The
relationship between a highly positive surface charge of nanoparticles and
cytotoxicity has been reported in many studies (Shang et al. 2014; Lechanteur et al.
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2016; Fröhlich 2012). Although the precise cause is still to be determined, and indeed
there may be more than one mechanism at play, it is thought that positively charged
particles are more likely to damage the cell membrane (Lin et al. 2011). Simulations
have shown that strongly charged metal nanoparticles form holes within the
membrane which disrupt the order of lipids affecting the cell’s structural viability.
The degree of pore formation was shown to be dependent on surface charge with
higher charges causing the most injury (Lin et al. 2011). Thus, when optimising a
nanoparticle is becomes important to find the balance between high transfection
efficiency and low cytotoxicity. The 1:3:4 RLP ratio was considered optimal because
it gave the highest transfection with minimal effect on cell viability.

The optimisation experiments revealed the C14-DOPE-30% cholesterol-35
formulation to be the most efficacious formulation in vitro. This formulation was able
to deliver mRNA into B16 F10, NCI-H358 and CT26 cells with the highest levels of
protein expression. The optimal ratio of mRNA: liposome: peptide was determined
to be 1:3:4 due to the low level of toxicity observed with this system.
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3.3.5 In vivo mRNA delivery
Ideal mRNA delivery systems need to be able to package their cargo when exposed
to proteins and endonucleases present in blood and the extracellular environment,
avoiding nonspecific interactions to efficiently deliver mRNA to cells in vivo. In
addition the vector must have a good safety profile and not induce an immune
response in the organism. The optimal nanocomplex (C14-DOPE-cholesterol-35) was
delivered intratumourally to B16 F10 tumours to evaluate its ability to deliver mRNA
in vivo in mice. In order to assess the effect of cholesterol in vivo, the optimal
formulation was compared against the screen A optimal formulation without
cholesterol (C14-DOPE-35). The lead nanoparticle formulation currently under
development by AstraZeneca was used as a positive control as it has been shown to
deliver mRNA with high efficacy in vivo. Animals were monitored for signs of distress
or ill health. Tumours were harvested after 24 hours and luciferase expression
quantified.

Little to no luminescence was detected when imaging the tumours (Figure 3-16a).
Homogenising the tissues and carrying out a luciferase assay led to clear differences
in luciferase expression between groups, however (Figure 3-16b). The optimal
cholesterol formulation produced significantly higher levels of protein expression
than the formulation lacking cholesterol. This is in agreement with our previous
findings where cholesterol-complexes were better able to transfect cells in-vitro in
the presence of FBS (Section 3.3.1.1.5).
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Figure 3-16: Investigating the use of in vitro optimised lipid-peptide nanocomplexes for in vivo mRNA delivery.
In vivo transfection efficiencies of the optimal formulations (C14-DOPE-35) with and without cholesterol
containing 10 µg of luciferase mRNA injected into B16 F10 tumours of female C57BL/6J mice. Luciferase
expression normalised to tumour mass. Data presented as mean ± SEM, n = 5 Untreated tumours were used a
negative control.

These results suggest that lipid-peptide nanoparticles can deliver mRNA in vivo
without substantial interference from proteins and other biological challenges. The
results are similar to previous reports where the lipid-peptide system was used to
deliver plasmid DNA to tumours (Du et al. 2014; Tagalakis, He, et al. 2011). Tagalakis
et al. showed nanoparticles containing 50 µg of plasmid DNA induced luciferase
expression (104 RLU/tumour) following tail vein injection. The level of expression is
higher with mRNA delivery in this work, but the method of administration (tail vein
vs intratumoural) and the concentration of nucleic acid (50 µg DNA vs 10 µg mRNA)
differed, so direct comparison is difficult.
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3.4

General discussion

The results in this chapter confirm that lipid-peptide nanocomplexes can be
optimised for efficient mRNA delivery both in-vitro and in-vivo. The optimal
formulation is markedly different from that used for plasmid DNA or siRNA delivery.

Different parameters that may influence transfection efficiency were studied in order
to optimise the lipid-peptide nanocomplex. The characteristics that seem to be
associated with good transfection efficiency were the presence of the phospholipid
DOPE and peptide 35. The fusogenic effect of DOPE is well known and these results
are in agreement with other reports (Oberli et al. 2016) showing that the addition of
DOPE in lipid nanoparticles enhances transfection. Peptides with a cleavable linker,
particularly peptide 35 gave more favourable levels of transfection. This is in line with
results seen in lipid-peptide vectors used for plasmid DNA and siRNA delivery where
the incorporation of RVRR linkers led to better transfection (Mustapa et al. 2009;
Tagalakis et al. 2014). The addition of cholesterol to the formulation led to an
increase in transfection efficiency, with the optimal molar concentration of
cholesterol for mRNA delivery determined to be 30%. The improvement in
transfection efficiency seen with cholesterol-complexes seemed to be a result of
increased protein expression within transfected cells rather than a result of an
increase in the percentage of cells transfected.
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Lipid-peptide nanoparticles with higher ratios of liposomes, and to some extent
peptide, gave the highest levels of transfection but showed negative effects on cell
viability. When optimising such a drug delivery system it is important to find a
balance between high transfection efficiency and low cytotoxicity. The optimal
formulation had the ratio 1:3:4 RLP: this showed no effect on cell viability yet
delivered mRNA with high efficiency.

3.5

Conclusion

In conclusion, the results presented in this chapter lay the foundations for continued
investigation into the use of lipid-peptide nanoparticles, in particular the C14-30%
cholesterol-35 formulation, as a highly efficient vector for mRNA. The formulation is
able to transfect a range of cancer cells including more difficult to transfect lines such
as CT26 cells. Formulations containing cholesterol were able to induce higher protein
expression in transfected cells but did not transfect more individual cells than their
cholesterol-free counterparts, indicating an intracellular mechanism improving
expression. The optimal formulation, C14-30% cholesterol-35, was also able to
deliver mRNA in-vivo with high levels of transfection and no observed toxicity.
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4

4.1

Biophysical and Structural Characterisation of mRNA Nanoparticles

Introduction

The previous chapter shows that an optimised lipid-peptide vector can deliver mRNA
to various cancer cells in vitro with high levels of efficiency and with minimal effect
on cell viability. For the vector to be applicable as a pharmaceutical product, the
formulation must possess essential characteristics including being small (< 200 nm)
with a uniform size distribution (polydispersity index < 0.3) as well as good stability
(Table 4-1). The criteria used by AstraZeneca’s drug development group suggests that
a successful formulation would have less than 10% variation in size and mRNA
encapsulation over a 3 week period.

Of the biophysical properties of mRNA nanoparticles, size is one of the most
important. The size of a nanoparticle can determine the type of cellular mechanism
involved, uptake efficiency, and cytotoxicity (Shang et al. 2014). Much work has been
carried out into ascertaining the optimal nanoparticle size for effective cellular
delivery, but establishing this has proven difficult as the critical size can vary between
cell types as well as the type of nanoparticle used. This optimal size has been
reported to be 25-30 nm (Zhang et al. 2009) or 50 nm (Banerjee et al. 2016)
depending on receptor density on the membrane and/or ligand density on the
nanoparticle surface. However, despite cell-to-cell differences, it is generally
accepted that particles should be < 200 nm to be internalised via endocytosis and
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that smaller nanoparticles are more readily internalised by most cells (Rejman et al.
2004).

Table 4-1: AstraZeneca’s success criteria for the development of lipid-peptide nanoparticles. Provided by Dr
Arpan Desai at AstraZeneca, Cambridge.

Once internalised, mRNA must be able to dissociate from its vector to allow for
translation (Sahin et al. 2014). Therefore, the abilities of the vector to bind to form
nano-sized particles and dissociate readily within the endosome are important
criteria for successful mRNA delivery. The ability of nanoparticles to resist the effects
of enzymatic degradation via RNAse and interactions with negatively charged
proteins is also important to consider for an effective vector. Serum protein binding
can cause the nanocomplex to disassemble, releasing mRNA, which in turn causes
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aggregation and potential immune responses as well as a reduction in efficacy
(Tenzer et al. 2013).

In this chapter the optimised nanoparticle formulations from Chapter three, are
characterised with respect to a series of biophysical properties including, size, surface
charge, mRNA complexation, storage stability and their ability to resist exposure to
nucleases and polyanions. A successful candidate formulation would have:


a size of 200 nm or lower



PdI of 0.3 or lower



mRNA complexation of 90% or greater



less than 10% variation in the above listed characteristics over 3 weeks
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4.2

Results

4.2.1 Nanoparticle size and charge
The particle sizes of the optimal lipid-peptide formulation (C14-DOPE-30%
cholesterol-35), measured by dynamic light scattering (DLS) and nanoparticle
tracking analysis (NTA) were first compared (Figure 4-1). The particles were small and
monodisperse, with mean sizes of 133 ± 2.3 nm and 97 ± 9.6 nm as measured by DLS
and NTA respectively (Figure 4-1 and Table 4-2).

As the NTA measures and records individual particle sizes rather than giving an
average intensity reading, it overcomes some of the limitations associated with DLS.
However, due to the samples being relatively monodisperse, the measurements from
both techniques differed only slightly and DLS was used for the subsequent
experiments due to ease and more rapid experiment times.

Figure 4-1: Size analysis of C14-DOPE-30% cholesterol-35 particles formulated with luciferase mRNA and
measured using two different techniques; a) dynamic light scattering (DLS) and b) nanoparticle tracking analysis
(NTA). All measurements taken in triplicate.
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Table 4-2: Size analysis of 14-DOPE-30% cholesterol-35 nanoparticles determined using DLS and NTA. All
measurements taken in triplicate.

Mean size (nm)

PdI

± SD

Concentration
(particles/mL)

DLS

132.6 ± 2.3

0.287

-

NTA

96.6 ± 9.6

-

2.1 x 109

It should be noted that as these measurements were taken in pure water, the sizes
of the nanoparticles are not representative of their dimensions in serum. The
adsorption of proteins, present in biological media, onto the surface of the
nanoparticles is expected to increase the hydrodynamic size of the particles and will
undoubtedly reduce surface charge (Sikora et al. 2016). Additionally, this less positive
surface charge may also affect colloidal stability, increasing aggregation (Tenzer et al.
2013). Despite numerous attempts however, it was not possible to measure
nanocomplex size in serum using DLS or NTA due to significant noise from
agglomeration and protein scattering. One studies reported increases in size of about
15 nm before and after serum incubation of nanoparticles, the sizes with and without
the presence of proteins were comparable (Betker, Gomez, et al. 2013). Trends
between formulations were similar and those with a higher hydrodynamic size
before serum incubation were also larger after incubation in serum. This indicates
that size data measured in water, while not a direct measure of in vivo size, is
translatable and can be used to compare nanoparticle formulations.
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The complete lipid-peptide nanocomplexes were measured for their size, charge and
encapsulation efficiency previously (Table 4-2) but no clear trends were observed
between composition and these biophysical properties. Even at low ratios the
peptide component can condense the mRNA into small particles (Munye et al. 2015)
irrespective of the liposome involved, forming comparable and uniform
nanocomplexes. To deduce any differences between particles, which may be
shielded by the presence of the peptides, mRNA-liposome particles with an
increasing liposome ratio were formulated and measured using DLS (Table 4-3).
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Table 4-3: Size and zeta-potential measurements of 14-DOPE-30% cholesterol nanoparticles at different
liposome to mRNA (L:R) ratios. All measurements taken in triplicate. Data are reported as mean ± S.D.

Formulation

Size (nm)

PdI

ZP (mV)

Liposome only

161.5 ± 9.5

0.59 ± 0.3

+ 41.9 ± 3.1

LR 1:1

167.0 ± 4.6

0.29 ± 0.2

- 19.4 ± 2.9

LR 2:1

165.8 ± 3.2

0.25 ± 0.1

- 17.4 ± 3.3

LR 3:1

172.6 ± 2.8

0.23 ± 0.2

- 21.5 ± 2.7

LR 4:1

141.3 ± 2.5

0.23 ± 0.1

+ 42.4 ± 4.1

The addition of mRNA to liposomes resulted in the formation of much more uniform
particles and a shift in surface charge from strongly positive to negative. Increasing
the liposome content had little effect on nanoparticle properties at low ratios (3:1
and less). At a ratio of 4:1, however, the particles became distinctly smaller and the
positive surface charge was restored. This result was likely due to the higher charge
density associated with the increased number of lipid molecules leading to stronger
interactions between lipids and mRNA and forming tighter, more compact, particles
(Martin et al. 2005). The increase in LR weight ratio also causes an increase in the
charge ratio of the nanocomplexes (ratio of positive charges from the cationic lipid
and number of negative charges from phosphate backbone). The charge ratio
increases from 0.9:1 (LR 1:1), 1.7:1 (LR 2:1), 2.7:1 (LR 3:1) to 3.5:1 (LR 4:1). The high
surface charge seen in the 4:1 ratio should yield particles with good colloidal stability
as they are less prone to aggregation due to their repulsive forces. It is generally
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accepted that zeta potential values of at least ± 30 mV have enough repulsion forces
to form a stable monodisperse suspension (Gumustas et al. 2017).

The abrupt change in characteristics between the 3:1 and 4:1 ratios suggests a shift
in the orientation of the mRNA and liposomes. This is obscured by the addition of
peptide but advanced analytical techniques such as X-ray scattering (Yan et al. 2012)
or differential scanning calorimetry (Barreleiro et al. 2000) could detect whether this
change has resulted in a conformational change in nanocomplex structure. Structural
conformations of lipid-peptide nanoparticles are investigated later in this chapter.

4.2.2 mRNA binding affinity
Differences in packaging and release of mRNA between different components of the
delivery system were assessed using a fluorescence assay. The capability of
liposomes and peptides to encapsulate mRNA was assessed using a Ribogreen assay.
The Ribogreen dye intercalates into free unbound mRNA, allowing quantification of
the amount of nucleic acid that is not incorporated into the complex. Fluorescence
quenching indicates a reduction in free mRNA in the solution. The quenching of
Ribogreen-bound mRNA fluorescence was evaluated upon the addition of increasing
weight ratios of either liposomes or peptides. mRNA-peptide (RP) particles achieved
full quenching of fluorescence at ratios of 1 whilst mRNA-liposome (RL) particles only
managed to quench ~35% of fluorescence (Figure 4-2a), at the same ratio, indicating
that approximately 75% of the mRNA remained unbound to these particles. Further
increasing the liposome to mRNA weight ratio resulted in a reduction in fluorescence
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with only 20% free mRNA being detected at a ratio of 4. This is in accordance with
other data showing the peptide component within the nanoparticles is vital for
packaging the nucleic acid (Munye et al. 2015).

The binding affinity of three peptides, with different linkers (Section 3.3.1.2), was
compared in the C14-DOPE-30% cholesterol system. Peptides 28, 32 and 35 all had
similar mRNA binding profiles, with over 90% fluorescence quenching measured at a
1:1 ratio in all RP formulations (Figure 4-2b). The peptides have the same K16 nucleic
acid binding domain, and these results show that the type of linker present has no
effect on the ability of the peptide to package mRNA.

Figure 4-2: mRNA packaging properties of RL and RP complexes, exploring mRNA binding at different ratios of
liposome to mRNA and peptide to mRNA. Ribogreen fluorescence was measured for a) mRNA-liposome (RL) and
b) mRNA-peptide (RP) complexes at different R:L or R:P weight ratios. RL complexes were formed using luciferase
mRNA and liposomes containing C14 and DOPE-30% cholesterol. RP complexes were made using peptide 35 and
luc mRNA. RiboGreen fluorescence is expressed as a percentage of relative fluorescence units compared to free
mRNA. Data are shown as mean ±SEM, n=3.
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As all the peptides could bind tightly to mRNA with equal affinity, it was suspected
that the liposome component within the full complex maybe be responsible for any
variation in complexation. The effect of liposome composition on mRNA-binding was
therefore examined (Figure 4-3). DOPE, DSPC and DOPC liposomes formed with C14,
C16 and C18 cationic lipids were assessed for quenching of Ribogreen-mRNA
fluorescence (Figure 4-3). All liposomes showed the same trends, where at low ratios
they were unable to condense the mRNA effectively. At lower ratios (1:1) most of the
mRNA remained unbound, causing high levels of fluorescence. As the weight ratio of
liposomes was increased, fluorescence was quenched, reaching a plateau of ~75%
mRNA complexation at a 1:4 ratio.

Figure 4-3: mRNA packaging properties, investigating the effect of changing liposome to mRNA weight ratios
and differences between liposome composition. Ribogreen fluorescence was measured for a) DOPE b) DSPC c)
DOPC and d) DOPE-cholesterol (10, 20 and 30 molar percent cholesterol) nanocomplexes at different weight ratios
of liposomes to mRNA. RiboGreen fluorescence is expressed as a percentage of relative fluorescence units
compared to free mRNA. Data are shown as mean ± SEM n=3.
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When comparing the C14-DOPE-cholesterol liposomes, no clear difference was seen
at lower mRNA to liposome ratios. However, at RL complexes with a 1:5 ratio, ~90%
of Ribogreen labelled mRNA was quenched compared to only 70-80% being
quenched by formulations without cholesterol. This is comparable to other mRNAlipoplex systems where optimal formulations showed mRNA encapsulation of >90%
(Oberli et al. 2016).

The lipid-peptide system has shown similar trends with plasmid DNA nanocomplexes
(Tagalakis et al. 2011). At the optimal ratios for DNA delivery (1:4:1 liposome:
peptide: DNA) 95% DNA encapsulation was detected using the Picogreen
fluorescence assay. Altering liposome ratios from 0.75-2:4:1 (L:P:D) did not change
the percentage of encapsulation, although it did increase the resistance of the
complex to heparin-induced disassociation.

When comparing liposome-DNA only (LD) complexes to liposome-mRNA only (LR)
complexes, a 4:1 ratio of L:D in the particles led to 30% fluorescence quenching in
the case of DNA (Munye et al. 2015) compared to 60-80% quenching at the same
ratio of L:R with mRNA. This could imply that mRNA is more easily packaged into
particles than DNA. DNA molecules are much larger and maybe less able to be
condensed into tight complexes than the smaller, single-stranded mRNA molecules.
This further emphasises the need to optimise previously used nucleic acid delivery
systems specifically for mRNA.
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4.2.3 TEM Images
The morphology of delivery vectors can influence cellular uptake and thus
transfection efficiency. Given the differences observed in mRNA transfection
between different phospholipids and cholesterol (Section 3.3.1.2.1), the morphology
of the nanocomplexes was assessed using TEM to investigate any differences which
could explain the transfection results.

In the TEM images (Figure 4-4Figure 4-5Figure 4-6Figure 4-7), areas of high electron
density, consistent with other reports (Tagalakis et al. 2011), correspond to the
presence of RNA and can be seen as dark patches in a spherical shape, as a result of
forming particles with liposomes. TEM revealed that the lipid-peptide
nanocomplexes form small spherical particles with a size range between 70 and 180
nm depending on the combination of lipids used in the formulation. DOPE
formulations, both with (Figure 4-5) and without (Figure 4-5) cholesterol were shown
to have similar characteristics, presenting the smallest particles (~80nm) and all
containing a dark stained centre. A double-layered ring (indicated with red arrows)
was observed surrounding these particles. Since part of the process for preparing the
sample for TEM involved drying the droplet, it is not clear whether this ring is an
artefact that was formed during drying or is in fact a lipid membrane. However, the
size of the ring is about 5 nm, which corresponds to other reported sizes for the lipid
bilayer (Van Meer et al. 2008). This, along with the fact that the ring was visible in
numerous TEM images, suggests that the ring may indeed be the nanoparticle
membrane. This layered membrane was also seen encapsulating what appeared to
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be two nanoparticles that had aggregated (indicated with blue arrows), adding
further credence to this hypothesis.
These mRNA-nanoparticle systems appear to be more homogenous than similar
siRNA-nanoparticles previously reported, which presented as a mixture of elongated,
rod, and spherical structures (Tagalakis et al. 2011). In contrast to siRNA systems,
mRNA particles did not appear as aggregated material and no multi-lamellar
structures were observed (although it should be noted that due to the stronger
staining contrast within the mRNA system it is more difficult to detect internal
structures). The mRNA-nanoparticles were similar to those previously formulated
with plasmid DNA, which had a spherical shape with condensed cores (Mustapa et
al. 2009).
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Figure 4-4: TEM images of C14-DOPE-35 nanoparticles. Complexes are seen as dark patches, spherical in shape,
with a visible lipid membrane. Red and blue arrows indicated outer ring surrounding complexes.

Figure 4-5: TEM images of C14-DOPE-cholesterol-35 formulations. Complexes are seen as dark patches,
spherical in shape with a visible lipid membrane. Red arrow indicates outer ring surrounding complexes.

143

Both C14-DOPE-35 cholesterol-free (Figure 4-4) and cholesterol-containing (Figure
4-5) samples presented the same outer rings indicative of the lipid bilayer. These
rings appear more marked in the cholesterol formulations, which may be due to the
presence of cholesterol in the bilayer making the overall membrane more rigid
(Wang et al. 2015).
DSPC and DOPC formulations showed a different morphology to the DOPE-containing
formulations, and comprised two distinct types of particles. The complexes were
either spherical with defined, contrasted, edges and a clear centre which was devoid
of staining (Figure 4-6 panels 1 and 2, Figure 4-7 panels 1 and 2) or irregular,
elongated particles with dark centres surrounded by a double layered ring (Figure 4-6
panels 3 and 4, Figure 4-7 panels 3 and 4).

Figure 4-6: Transmission electron microscopy images of C14-DSPC-35 nanoparticles. Particles are seen as either
light spheres surrounded by a dark ring or irregular dark patches with a visible double membrane.
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Figure 4-7: Transmission electron microscopy images of C14-DOPC-35 nanoparticles. Particles are seen as
either light spheres surrounded by a dark ring or irregular dark patches with a visible double membrane.

4.2.4 Atomic Force Microscopy
Atomic Force Microscopy was used as a technique complementary to TEM to observe
the morphology of C14-DOPE-27 nanoparticles. The particles were seen to be roughly
spherical and about 70 ± 13.7 nm in size (Figure 4-8). Samples containing liposomes
alone adhered to the surface of the mica and ruptured to form a flat structure. A
similar observation was noted in the sample containing mRNA-nanocomplexes
although the resultant structure was somewhat more compact than that of empty
liposomes, with the scale bar indicating a slightly more raised particle.
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It was also observed that the lipid-peptide complexes did not have a defined edge,
but rather the presence of a fibrous material was visible (Figure 4-8a) which was
absent in the images of liposomes only (Figure 4-8b). This suggests the presence of
peptide and/or mRNA which is supported by the literature where AFM images of
mRNA, similar to those obtained in this experiment have been reported (Kim et al.
2015). However, due to limitations in sample preparation compromising the integrity
of the complex it is impossible to define the localisation of these components relative
to the intact nanocomplex, either internalised within the complex or on the particle
surface.

Figure 4-8: Atomic force microscopy images of mRNA-nanocomplexes and liposomes showing the morphology
of a) the 14-DOPE-27 nanocomplex and b) 14-DOPE liposomes. Samples were imaged using peak force tapping
mode. Images were analysed using the NanoScope software.
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4.2.5 Small-angle X-ray scattering (SAXS)
SAXS was used in attempts to deduce the structural arrangements of components
within the optimal nanocomplex (C14-DOPE-30% cholesterol-35). The results are
presented in Figure 4-9.

Figure 4-9: SAXS scattering patterns of C14-DOPE-30% cholesterol-35 nanocomplexes: a) the scattering graph
and b) the corresponding one-dimensional profile of the measured sample.

Only very weak scattering is seen in the data. After successive attempts and
concentration optimisation, the sample yielded plots showing one Bragg reflection
at 45 Å. This could be the size of the lipid bilayer, but multiple reflections need to be
present in order to determine the repeat distance and thus ordering of lipids. As only
one peak was detected it was not possible to determine the spacing arrangements
of lipids. However, this size does correspond with the size of the rings seen in the
TEM images of the nanoparticles (Section 4.2.3). This provides further support for
the proposition that these rings are indeed the lipid bilayer.
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Typically, high concentrations of lipids are used to overcome the poor diffraction of
lipid samples (Blanchet & Svergun 2013). Other work involving DNA lipoplexes, used
concentrations of 10mg/mL in to obtain strong diffraction patterns using SAXS (Pozzi
et al. 2012). Due to the use of microfluidics to produce the liposome component in
the lipid-peptide nanocomplexes, the highest concentration that could be used was
2.5mg/mL. Using another method of liposomes formation, such as rotary
evaporation, would have overcome this problem, but there was a concern that using
a different production method would have led to different formulations not
comparable to those used for transfection studies.

4.2.6 Differential scanning calorimetry (DSC)
DSC was used to explore the lipid arrangements of the liposomes and nancomplexes.
The effect of phospholipid variation (Figure 4-10a) as well as the effect of cholesterol
(Figure 4-10b) was investigated.

All the liposomes show a broad peak at around 30-40 oC (Figure 4-10a). Determining
the cause of this peak is rather difficult due to it being very broad and indistinct;
however, as the peak is common to all the liposomes measured in this experiment,
it may be due to the presence of the C14 lipid. The peak begins at a higher
temperature in the C14-DSPC liposomes. As DSPC is a straight chain lipid forming very
lamellar structures (Magarkar et al. 2014), it could be that more energy is required
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to begin a phase transition in this system than in other more flexible systems such as
C14 only or C14-DOPE liposomes.

Figure 4-10: DSC thermograms of a) liposomes and b) the optimal cholesterol and non-cholesterol containing
C14-DOPE-35 complexes.
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In addition to the liposome-only samples, full complexes were compared (Figure
4-10b). The broad peaks seen for the blank liposomes were not present in the
nanocomplex samples. This could be a result of the peptide and mRNA binding
altering the properties and phase transition points of the liposomes. In the C14DOPE-35 samples, only a baseline shift at around 65 oC was detected. The addition
of cholesterol to the complex causes the peak to disappear completely. This peak
could be related to the main phase transition and this behaviour has been seen
previous in other systems (Dittrich et al. 2011). This feature is not seen after the
insertion of cholesterol, indicating that the latter somehow affects the packing of the
lipid hydrocarbon chains in the bilayer.
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4.2.7 Structural models for the lipid-peptide nanocomplex
On the basis of the characterisation studies, we can propose models for the mRNAloaded lipid-peptide nanocomplex. The peptide component tightly packages the
mRNA, forming condensed particles where the mRNA is shielded, as shown by the
quenching of Ribogreen fluorescence when the complex self-assembles (Figure 4-2).
This condensed particle is clearly visualised in TEM images (Figure 4-4 and Figure 4-5).
Both the TEM and AFM images show the presence of a component localised on the
surface of the particles. Additionally, the TEM images show a ring (thickness ~ 5 nm)
surrounding the particles. The SAXS data revealed the lipid bilayer to have a size of
45 Å (4.5 nm) which corroborates the suggestion that the rings visualised by TEM are
the lipid bilayer.

Within the AFM image, this components seems quite fibrous indicating that at the
surface there is either peptide and or mRNA (or both). Surface charge measurements
(Table 4-2) show that the liposomes alone are positively charged, but become
negative upon the addition of mRNA. This suggests that the mRNA associates at the
surface of the liposomes during the self-assembling process. When increasing
amounts of liposome are added the positive charge is restored which implies that
excess lipids may rearrange on the surface, possibly forming a multi-lamellar
structure such as that depicted in Figure 4-11a. The lack of sharp, definitive peaks
within the DSC data alludes to the structure of the complexes being quite disordered
as depicted in the schematic diagram in Figure 4-11b, although these data should be
interpreted with caution due to limitations in sample concentration. Other lipid151

peptide systems used for DNA delivery have described the nanoparticle structure as
disordered, and hypothesised the lipids to be coating the surface with no particular
order not forming monolayer, bilayer or multilamellar structures (Mustapa et al.
2007). Without clear, conclusive structural analysis data it is difficult to deduce the
exact molecular arrangements and either structure cannot be ruled out.

Figure 4-11: Schematic diagrams showing possible structures for the lipid-peptide nanocomplex. Structures
could either be a) ordered with defined lipid arrangements or b) disordered with a random lipid and peptide
arrangement.
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4.2.8 Stability of nanocomplexes
Stability is an essential feature for any pharmaceutical formulation, both from a
patient safety perspective as well as for practical considerations in terms of
determining storage conditions. Product instability over time can lead to structural
or chemical changes which can impact the integrity, efficacy and safety of the
product (Puri et al. 2009), so designing formulations that can resist these changes is
essential. High product stability also allows for easier transportation and storage of
the therapeutic, increasing both shelf-life and ease of access.
To establish the stability of lipid-peptide nanocomplexes, formulations were
assessed for any variation in product characteristics with time, or under the influence
of factors such as temperature, pH and the presence of biological molecules.

4.2.8.1 pH
In order to evaluate the stability of nanocomplexes and detect pH-induced
differences, the complexes were formed in water and incubated in acetate buffer (pH
5), TE buffer (pH 7), or phosphate buffer (pH 9). mRNA complexation was 80-90% in
complexes formed at neutral pH (Figure 4-12), and no difference was observed
between the top or worst-transfecting nanocomplex systems (Figure 4-12a). The
percentage mRNA complexation remained largely unchanged when the pH was
increased to 9. However, at pH 5 approximately 40 - 60% of the total mRNA was not
complexed within the particle. All the peptides used have an isoelectric point of 11
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so, as they remain positively charged under all the pH conditions tested, and thus
cannot be causing this change.

Figure 4-12: Packaging of mRNA in cholesterol and non-cholesterol formulations, exploring mRNA condensation
at different pH conditions. mRNA packaging properties of a) the 5 best-performing and 5 worst-performing
formulations from screen A (Section 3.3.1.2.1), b) 14-DOPE-35, c) 16-DOPE-35, and d) 18-DOPE-35 with and
without cholesterol were measured. Ribogreen fluorescence is expressed as a percentage of relative fluorescence
units normalised to free mRNA. Data are shown as mean ± SEM, n=3.

At low pH, a higher proportion of mRNA could become less negatively charged as a
result of protonation of the nucleotides within the mRNA molecules. Cytosine has a
pKa of ~4 and thus can become protonated in the acidic environment (pH 5) giving
rise to a charged NH3+ group (Nikolova et al. 2013) which counterbalances the
negative charge of the phosphate. This reduction in negative charge could lessen
binding to the cationic liposomes, leading to release of previously bound mRNA from
the nanocomplex.
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Overall, the nanocomplexes remained stable when incubated at pH of 7 or 9 for 24
hours but incubation at pH 5 led to reduced stability and caused dissociation of
mRNA. Similar studies investigating the effect of pH on lipid-siRNA nanoparticles
found that they were resistant to changes at pH 9 (Ball et al. 2017) in agreement with
this work; however, they also reported no change in encapsulation at low pH, which
is contrary to our findings.

The addition of cholesterol seems to further increase stability: the cholesterolcomplexes were, in general, better able to package the mRNA, even at low pH. The
overall resistance of the nanocomplexes to changes in pH suggest the particles to be
quite stable, possibly implying the presence of an ordered structure (Figure 4-11a).
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4.2.8.2 Temperature
Nanoparticle stability at different storage temperatures was investigated. Particles
were formulated and stored at a temperature of 4°C (refrigerator), approximately
23°C (room temperature), or 37°C (incubator) overnight. The formulations were then
brought to room temperature for measurements. The results are given in Figure 4-13.

Figure 4-13: Packaging of mRNA in cholesterol and non-cholesterol formulations, exploring mRNA condensation
at different temperatures at neutral pH. Ribogreen fluorescence measured from a) C14-DOPE-35, b) C16-DOPE35, and c) C18-DOPE-35 complexes. Fluorescence is expressed as a percentage of relative fluorescence units
normalised to free mRNA. Data are shown as mean ± SEM, n=3.
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Altering the temperature of incubation had little effect on mRNA complexation. No
significant differences in the percentage of free mRNA were seen in any of the
formulations at 4oC, 23oC or 37oC. This is in line with another study (Ball et al. 2017)
reporting that storage temperature had no effect on the characteristics of the lipid
nanoparticle system, including nucleic acid encapsulation. This system consisted of
cationic lipioids, DSPC, cholesterol and PEG lipids combined with siRNA and has
previously been shown to possess an ordered structure as oppose to a random
orientation (Whitehead et al. 2014). As a positive correlation has been determined
between lipid bilayer order and RNA affinity (Janas et al. 2006), assumptions can be
made regarding the lipid ordering in the lipid-peptide nanocomplex system, across
the temperatures studied. It has been shown that RNA is able to bind with higher
affinity to ordered gel phase membranes (Janas et al. 2006) thus, any disorder in lipid
arrangment would lead to a reduction in mRNA binding. Due to the observation that
mRNA encapsulation/binding remained constant at all temperatures in this study, it
can be postulated that the order of lipid arrangment does not change over this range.
This implies stability of the system and strong binding between the components of
the nanoparticle. It is expected that if the nanoparticles formed a disordered
structure, such as that dipicted in Figure 4-11b, an increase in temperature would
boost the kinetic energy between lipid molecules (Tien & Ottova-Leitmannova 2003)
resulting in a change in mRNA binding affinity. Therefore these data provide support
for the presence of an ordered assembly (Figure 4-11a).
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4.2.8.3 Biological stability
One of the biggest indicators of in vivo performance is how stable a formulation is in
the presence of biological molecules, particularly endogenous proteins and enzymes.
Nanocomplexes were exposed to heparin and RNAse to determine whether the
optimised systems were able to protect mRNA from interactions with either
molecule.

4.2.8.3.1 Heparin
In vivo, or in mock-vivo conditions, nanoparticles are exposed to molecules present
in serum, including albumin and other extracellular proteins which have a net
negative charge at physiological pH. These molecules can bind to the nanoparticles,
reducing bioavailability and efficacy (Tenzer et al. 2013). The stability of the lipidpeptide nanocomplex in biological fluids was investigated by incubating the particles
with increasing concentrations of heparin. Heparin is a sugar with a strong negative
charge that is capable of displacing bound nucleic acids from their cationic vehicles
(Tagalakis et al. 2011). This dissociation can be detected in a fluorescent assay by
adding RiboGreen after heparin incubation to measure unbound, released, mRNA
(Figure 4-14).
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Figure 4-14: Dissociation of mRNA in cholesterol and non-cholesterol formulations, investigating the effect of
low and high concentrations of heparin. Dissociation properties of a) C14-DOPE-35 b) C16-DOPE-35 and c) C18DOPE-35 complexes were measured after incubation with heparin at either 0.5mg/mL or 1mg/mL. Fluorescence
is expressed as a percentage of relative fluorescence units compared to free mRNA. Data are shown as mean ±
SEM, n=3.

Prior to the addition of heparin ~90% of the total mRNA is bound to the nanoparticles
(Figure 4-14). At lower doses of heparin (0.5mg/mL) approximately 55% of the bound
mRNA has been released from cholesterol-formulations and about 80% from the
formulations without cholesterol. The addition of cholesterol to the C14, C16 or C18
DOPE formulations renders the particle more resistant to interactions with heparin.
This is in line with the previously suggested concept that cholesterol reduces
interactions of the liposome with serum proteins (Section 3.3.1.1.5). The lipidpeptide systems are able to package mRNA effectively, with similar percentage of
fluorescence quenching as previously reported for siRNA (Tagalakis et al. 2011), but
they have different release profiles in the presence of heparin. siRNA formulations
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release 60% of the siRNA at heparin concentrations of 0.5 U/mL (1 µg/mL), and this
plateaus after further increases in heparin concentration. Much higher amounts of
heparin are required for mRNA displacement. This may be a result of the increased
number of interactions between mRNA and the cationic components due to the size
of the nucleic acid relative to siRNA. Multivalent binding increases the strength of the
otherwise weak non-covalent bonds, making multivalent interactions much harder
to break. This could explain why higher concentrations of heparin were needed to
overcome these interactions and displace the mRNA.

To release 60% of the mRNA from nanocomplexes, heparin concentrations of 0.5
mg/mL (for non-cholesterol complexes) and 0.7 mg/mL (for cholesterol complexes)
were required. This implies that mRNA has higher affinity to the lipid-peptide
complexes than siRNA.

Having determined that mRNA was released from nanocomplexes upon exposure to
heparin using the Ribogreen assay, agarose gel electrophoresis was performed to
probe whether the released mRNA was intact. Cholesterol and non-cholesterol
complexes were incubated for 30 mins with heparin before electrophoresis. Naked
mRNA was used as a positive control, whereas complexes with no heparin were used
as negative controls. The results are depicted in Figure 4-15.
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Figure 4-15: Gel electrophoresis showing the dissociation of mRNA from nanocomplexes after incubation with
heparin. Free mRNA mixed with heparin was used as a positive control in lane 1. Lanes 3 to 8 contain RLP
nanocomplexes as described in the lane title.

Formulations with and without cholesterol could fully package the mRNA in the
absence of heparin, as no band was visible in the lanes without heparin treatment.
Upon the addition of both low and high concentrations of heparin, all formulations
released mRNA, as indicated by a visible band which corresponded with that of free
mRNA. Unfortunately, quantification of the bands was not possible due to the low
intensity signals. The detection of the band indicates that the mRNA is intact,
although the smearing visible in the lane could be a result of slight degradation.
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4.2.8.3.2 RNase
RNase is an endonuclease responsible for the degradation of RNA strands, and it is
abundant both inside and outside of the body (Sahin et al. 2014). Free mRNA is very
labile and readily degraded by this enzyme, and an effective delivery vector must be
able to protect its cargo from enzymatic degradation. The ability of both cholesterol
and non-cholesterol-containing complexes to resist the effects of RNase were
assessed by testing RNase-treated formulations in a luciferase assay.

Cholesterol and non-cholesterol nanocomplexes were formed and incubated in
RNase after which RNase A inhibitor was added, and complexes added to B16 F10
cells. The level of luciferase expression between RNase treated and non-treated
formulations were comparable, and no significant differences were found (Figure
4-16). This further confirms that the nanocomplexes were able to package, and
protect, mRNA from RNase activity.
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Figure 4-16: Transfection efficiency of nanocomplexes, investigating the effect of RNase incubation. 14-DOPE35 and 14-DOPE-30% cholesterol-35 nanocomplexes were incubated with RNase and used to transfect B16 F10
cells. Luciferase activity was measured in relative light units per mg of protein and statistical analysis was carried
out using a one-way ANOVA with Tukey post-hoc analysis. Data shown as mean ±SEM, n=6.

It has been shown (Section 3.3.1.2.2) that cholesterol nanocomplexes were able to
deliver mRNA to cells with higher transfection efficiencies than non-cholesterol
systems. This trend was also seen in the presence of RNase. The addition of
cholesterol to the nanocomplex system leads to better protection of mRNA from
RNase and higher transfection efficiency. These results support the findings of other
studies which have also found that liposomal systems are able to protect mRNA from
RNase activity. It has been shown that naked mRNA (0.25 µg) was completely
degraded within 5 mins upon exposure to cerebral spinal fluid containing RNase,
whereas mRNA complexed with a cationic lipid was protected from degradation for
at least 6 hours (Anderson et al. 2003). In in vitro transfection experiments, RNase
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treated lipoplex formulations showed a maximum of ~ 40% transfection compared
to non-treated formulations after 4 hours of RNase incubation (Anderson et al. 2003).
The optimal cholesterol lipid-peptide system showed ~60% transfection after
exposure to RNase compared to the RNase-free formulation. The higher percentage
of transfection seen with our system could be due to the condensing effects of the
peptide in addition to that of the liposome component. It is thought that peptides
within a nanoparticle system are able to form a shell around the core of the complex
which contains the nucleic acid (Pärnaste et al. 2017). This shell can shield the mRNA
from any circulating endonucleases. This type of peptide arrangement can potentially
occur in either lipid-peptide structural model (Figure 4-11); ordered or disordered.
This is because the peptide interacts predominantly with the mRNA, which may be
present within the internal structure or on the nanoparticle surface. Thus the
addition of peptide to the shell of the particle may not exert influence on the ordering
of the lipids forming the membrane.
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4.2.8.4 Time-course studies
One requirement for the translation of an mRNA delivery system from the laboratory
to the clinic is to ensure long-term stability of the nanoparticles (Ball et al. 2017). In
addition to studying the response of nanoparticles to enivornmental changes, the
formulations were also assessed for changes in their characteristics over a 28 day
period of storage at 4 oC. For each measurement, the lipid-peptide nanoparticles
were brought to room temperature. Over the duration of the 28-day study,
formulations were examined for size, surface charge, mRNA complexation efficiency
and transfection efficiency. The results are shown in Figure 4-17.

No difference was seen in either the initial size, nor the size trend over time with
nanoparticles made from C14, C16 or C18 liposomes, indicating that alkyl chain
length does not impact the structure or stability of the nanocomplexes. This
corresponds to other data showing that increasing the alkyl chain length in cationic
lipids from 12 to 16 carbons does not change DNA encapsulation (Zhang et al. 2011),
demonstrating no change in stability.

No change in mean size or PDI was observed over the entire 28 day duration of the
study in formulations containing cholesterol, whereas a substantial size increase was
observed in those without (Figure 4-17). While the cholesterol-containing complexes
were able to retain their size upon storage at 4oC for up to 4 weeks, complexes
without cholesterol gradually increased to double their original size by day 28,
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apparently a result of aggregation between particles. This agrees with the findings of
other groups who have proposed that the enhanced membrane rigidity imparted by
cholesterol allows the particles to resist aggregation (Senior & Gregoriadis 1982;
Betker, Kullberg, et al. 2013).

Figure 4-17: Size and surface charge properties of nanocomplexes over time upon storage at 4 oC. Size and zeta
potential measurements of a) C14-DOPE-35, b) C16-DOPE-35, and c) C18-DOPE-35 formulations both with and
without cholesterol. Data are shown as mean ± SEM, n=3.
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The inclusion of cholesterol into lipid membranes is thought to increase stability by
inhibiting the ‘tilt’ of the alkyl tails, caused by the unsaturated bonds (de Meyer &
Smit 2009). This results in the formation of a lipid-ordered phase. Thus, should the
initial lipid-peptide nanoparticles display a disordered structure (Figure 4-11b), the
addition of cholesterol could result in a shift to the ordered model (Figure 4-11a).

The improved stability of cholesterol-containing complexes was also demonstrated
by their significantly higher levels of mRNA encapsulation (Figure 4-18) after 28 days
of storage compared to the non-cholesterol formulations. Whilst the C14, C16 and
C18 DOPE nanoparticles packaged almost all the mRNA initially, it was gradually
released over time with only ~80% of the mRNA still complexed after 28 days. The
20% of the mRNA that was released may be the mRNA present at the surface of the
nanoparticle (Figure 4-11) which is less shielded than the mRNA encapsulated within
the complex. No change was seen in the mRNA encapsulation of any cholesterol
formulations. These data, coupled with the results of the size stability experiments
suggest that cholesterol reduces breakdown and/or aggregation of complexes
(Betker, Kullberg, et al. 2013), which in turn reduces the amount of mRNA that is lost
from these processes.
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Figure 4-18: mRNA complexation properties of noncomplexes over time upon storage at 4 oC. The percentage
free (uncomplexed) mRNA for a) C14-DOPE-35 b) C16-DOPE-35 and c) C18-DOPE-35 formulations both with and
without cholesterol was measured through fluorescence. Data are shown as mean ± SD, n=3.Error bars are small
as to lie within datapoints.

Having determined the effect of cholesterol on the physical stability of
nanocomplexes, it was important to establish if this correlates to improved efficacy
over time (Figure 4-19).
The nanocomplexes were stored at 4 oC and their ability to transfect B16 F10
melanoma cells over 28 days was tested (see Figure 4-19). The efficacy of all
complexes was reduced upon storage, but the reduction in transfection was
markedly higher with complexes lacking cholesterol. As previously discussed,
cholesterol stabilises the lipid membrane, allowing the formulation to maintain its
properties for at least 28 days. The increased mRNA encapsulation and smaller size
of the cholesterol formulations during storage can explain the improved delivery of
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mRNA with these formulations. It was at first sight surprising that there is a general
loss in efficacy of the cholesterol-containing complexes overall, as there were no
changes in size, polydispersity, charge or mRNA complexation which could explain
this. These results are however in line with findings from the storage of siRNA
nanoparticles (Ball et al. 2017; Lin et al. 2011; Wu et al. 2009). These studies (using
lipid systems similar to the nanocomplexes employed in this work) found that
nanoparticles lost efficacy over a month of storage at 4°C but observed no change in
particle characteristics such as size.

Figure 4-19: mRNA transfection efficiency of nanocomplexes over 28 days upon storage at 4 oC. RLU was
normalised to total sample protein content for a) C14-DOPE-35, b) C16-DOPE-35, and c) C18-DOPE-35
formulations both with and without cholesterol. Data are shown as mean ± SEM, n=6.
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4.2.8.5 Storage at low temperatures
The optimum conditions for storage of lipid-peptide nanocomplexes have not
previously been investigated. Storage at low temperatures may be desirable for longterm storage, as it can also increase shelf-life due to reduced microbial growth and a
reduction in particle collision, reducing particle aggregation (Betker, Kullberg, et al.
2013). However, freezing is known to cause changes in the structure of lipidic
membranes (Laroche et al. 2001), and cryoprotecants are usually needed to prevent
formation of ice crystals. Trehalose has the ability to protect lipid membranes from
damage at low temperatures by reducing the lipid-water interface and leading to the
formation of smaller ice crystals (Takahashi et al. 1997). It is able to form hydrogen
bonds with lipid headgroups, displacing water molecules yet preserving the
interspacial distance between the headgroups and maintaining the membrane
structure (Pereira et al. 2004).

Preliminary work carried out in the group with both siRNA and mRNA nanocomplexes
showed that that storing complexes at -80 °C without the presence of a
crytoprotectant damages the particles, as confirmed by DLS data. Hence, all
experiments involved adding a 20% w/v trehalose solution to fully formed
nanocomplexes prior to storage at 4 °C or -80 °C. The size, charge and transfection
efficiency of these formulations were measured to observe whether trehalose was
able to protect the particles from damage during the freezing process (Figure 4-20,
Table 4-4).
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Table 4-4: Changes in size, PdI and zeta potential of 14-DOPE-30% cholesterol-35 nanocomplexes after storage
with trehalose at either 4 oC or -80 oC over 28 days.

Day

Storage

Size (nm)

PdI

Z-Potential (mV)

4

137.4 ± 3.1

0.19 ± 0.01

44.2 ± 8.6

-80

135.7 ± 2.9

0.19 ± 0.02

54.4 ± 7.4

4

139.7 ± 2.8

0.20 ± 0.01

41.2 ± 6.9

-80

139.4 ± 3.2

0.20 ± 0.01

46.4 ± 8.2

4

136.9 ± 4.1

0.26 ± 0.02

39.6 ± 8.5

-80

141.9 ± 3.1

0.20 ± 0.01

41.3 ± 7.2

4

135.8 ± 3.6

0.25 ± 0.02

42.7 ± 8.7

-80

145.6 ± 2.9

0.21 ± 0.01

39.4 ± 6.9

Temperature (oC)
0

1

14

28

Figure 4-20: Transfection efficiency of 14-DOPE-30% cholesterol-35 complexes, exploring the effects of freezing
nanocomplex suspensions with trehalose. Luciferase activity was measured in relative light units per mg of
protein following transfection with stored 14-DOPE-30% cholesterol-35 nanocomplexes after the latter had been
brought to room temperature. No significant differences were found across any formulations based on a two-way
ANOVA with Tukey post-hoc analysis. Data are shown as mean ± SEM, n=6.
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Freshly made nanoparticles achieved higher transfection efficiencies than
formulations that had been stored for a week or longer at either 4 °C or -80 °C (Figure
4-20). Particles stored at 4 °C were comparable to those stored at -80 °C in all
measured characteristics. The addition of trehalose to formulations enabled them to
maintain their size and charge even after storage at -80 °C for up to 28 days (Table
4-4). This is in accordance with other studies showing that freezing the NPs with
either trehalose or sucrose mitigated any increase in nanoparticle size (Ball et al.
2017).

C14-DOPE-30% cholesterol-35 formulations stored at 4 °C with trehalose were more
monodisperse (PdI ~ 0.22) than formulations without trehalose which had a PdI of
0.28 (Section 4.2.8.4). This is in line with data from trehalose-storage of DNA and
siRNA nanocomplexes, which observed a reduction in PdI values of nanoparticle
mixtures containing trehalose in comparison to those stored in water alone
(Maeshima 2018).
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4.3

General discussion

Having previously demonstrated a substantial improvement in the efficacy of lipidpeptide nanocomplex mRNA delivery by using a multifactorial approach to
optimisation, the biophysical properties of the resulting optimal formulations were
characterised in this chapter. The stability of the lipid-peptide nanocomplexes was
assessed in terms of ability to retain size, charge, mRNA packaging and transfection
efficiency over time. Size measurements showed that cholesterol-containing
complexes could retain their size upon storage a 4oC for up to 4 weeks whereas
complexes without cholesterol gradually increased to double their original size by
day 28. The improvement in stability of cholesterol-containing complexes was also
demonstrated by their higher levels of mRNA encapsulation and transfection
efficiency after 28 days of storage. For longer term storage, lipid-peptide
nanocomplexes can be stored at -80 oC in a solution of 20% trehalose which acts as a
very effective cryoprotectant for lipid-peptide nanoparticles. Nanoparticles stored in
trehalose and thawed, maintained size, charge and transfection characteristics
although only short-term (28 days) storage was tested (Figure 4-20).

The inclusion of cholesterol into lipid layer stabilises the membrane, which provided
some evidence for the structure of the lipid-peptide nanoparticle having a compact,
ordered structure (Figure 4-11a). This was further supported by data showing the
resistance of the complexes to temperature-induced structural changes (Figure
4-13). mRNA affinity to the complex was not altered by an increase in temperature
and kinetic energy showing the components to be organised in a stable, ordered
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arrangement. However, there is still much doubt regarding the nature of the lipidpeptide structure due to the broad peaks obtained from the DSC data (Figure 4-10),
which are characteristic of disordered systems, and there is a lack of inconclusive
evidence for either an ordered or disordered assembly.

The optimal lipid-peptide nanocomplexes meet many of the success criteria desired
by AstraZeneca (Table 4-1). The sizes are approximately 130 nm and polydispersity
values 0.29 both of which are below the threshold values of 200 nm and 0.3. mRNA
complexation was 94% at room temperature and neutral pH. GFP transfections
showed the formulations to have efficacies greater than 20% of cells, which is the
required percentage for a successful delivery system, according to the AstraZeneca
criteria. The three week stability profiles also met the criteria as less than 10%
variation was seen in size and mRNA complexation over three weeks of storage.
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4.4

Conclusions

This work has shown that the optimal lipid-peptide nanocomplex (C14-DOPE-30%
cholesterol-35) provides stability in the presence of heparin, improves serum stability
and is able to package mRNA efficiently. The complex also has the potential to
dissociate in response to high concentrations of anions, such as heparin, ensuring
release of mRNA. Gel retardation and transfection experiments showed that the
nanocomplexes can resist the effects of RNase and resist degradation by this enzyme.

Overall, the characteristics displayed by the optimal lipid-peptide nanocomplexes are
desirable in the development of in-vivo mRNA delivery systems and lay the
foundation for continued development into the use this system for this application.
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Intracellular Uptake and Trafficking of
Nanoparticles
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5 Intracellular uptake and trafficking of nanoparticles
5.1

Introduction

After administration of a drug delivery system in vivo, and upon reaching the target
cells, the most important barrier the vector must overcome is the cell membrane.
Effective binding and subsequent uptake of the nanoparticle into the cell is likely to
lead to high transfection rates in the case of gene therapies (Juliano et al. 2012).
Further, an understanding of how a formulation enters the cell can allow for the
further optimisation of a given system.

5.1.1 Entering the cell
In most cells, internalisation occurs through endocytosis (Shang et al. 2014). This is
where molecules are surrounded the by the cell membrane and bud into the
cytoplasm forming a small vesicle. There are four main types of endocytosis: clathrinmediated, caveolae-mediated endocytosis, macropinocytosis and phagocytosis
(Figure 5-1). In clathrin-mediated uptake, binding of the nanoparticle on the cell
membrane causes recruitment of clathrin on the inner cell membrane. When the
vesicle buds off from the membrane, its surface is coated with clathrin which guides
the vesicle’s intracellular distribution. Unlike clathrin, caveolae proteins are bound to
cholesterol on the cell surface and nanoparticle binding stimulates uncoated vesicle
formation. Macropinocytosis and phagocytosis are independent of clathrin or
caveolae and are usually the uptake pathways for large particles (>300 nm) (Watson
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et al. 2005). Phagocytosis is a specialised mechanism and takes places only in
particular cells such as macrophages and granulocytes (Juliano et al. 2012)

Figure 5-1: Schematic showing the various routes of endocytosis

There is a strong link between nanoparticle size and the mechanism of cellular
uptake, as well as the kinetics of the process (Shang et al. 2014). Rejman et al. used
different sized fluorescent latex beads (50 – 1000 nm) to examine the effect of
particle size on their uptake into non-phagocytic B16 cells. Particles less than 200 nm
appeared to be taken up in a clathrin-dependent manner. As the particle size
increased, caveloae-mediated uptake became apparent and for large particles (>500
nm) this became the dominant mechanism (Rejman et al. 2004). Based on the results
obtained thus far in this thesis, it is expected that the lipid-peptide nanoparticles
would be internalised via a clathrin-mediated mechanism as particle size is around
130 nm (Section 4.2.1).
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5.2.1 Trafficking inside the cell
Once taken up into the cell, the endocytic vesicles fuse with other compartments
forming early endosomes (Figure 5-2). This formation process is associated with a
drop in pH from neutral to ~pH6 (Wong et al. 2007).

Figure 5-2: Illustration of the maturation of endosomes and the intracellular trafficking.

Maturation of these compartments results in late endosomes which are unable to
fuse with further vesicles, preventing the addition of newly internalised molecules
(Watson et al. 2005). Some of the endocytosed components are delivered to the
Golgi and recycled to the surface (Sahay et al. 2013). The late endosome develops
into a lysosome, characterised predominantly by a further lowering of pH from 6 to
5. It is imperative that an mRNA delivery system can release its cargo into the
cytoplasm before being trafficked into this compartment, in order to avoid lysosomal

186

degradation (Liu et al. 2013). Therefore, it needs to escape the endosome at either
the early or late stage.

5.1.3 Aims
Previous chapters demonstrated that optimised lipid-peptide nanocomplexes
containing cholesterol were able to transfect cells more efficiently than cholesterolfree systems, both in vitro and in vivo (Chapter 3). It is unclear, however, whether
this is a result of cholesterol nanocomplexes having better cellular uptake or being
able to escape the endosome more effectively than non-cholesterol nanocomplexes.
Further, the reasons why some formulations are effective in transfection and others
are not are not fully clear. In order to determine whether differences in uptake
and/or endosomal release could explain the differences in protein expression seen
between formulations, fluorescent microscopy techniques were used to explore
particle uptake and trafficking in cells in this chapter.
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5.2

Results

5.2.1 Dose Response
To examine mRNA expression in further detail, the dose-response relationship was
investigated. B16 F10 cells were transfected for up to 24 hours with eGFP mRNA
using cholesterol-containing and cholesterol-free lipid-peptide nanoparticles, and
the onset of protein expression was assessed using an IncuCyte Zoom system (Figure
5-3). The mRNA doses investigated ranged from 0.13 – 2 µg/mL.

Low doses (0.13 – 0.5 µg/mL) led to very little protein expression after 24 hours
(Figure 5-3). Quantification of the fluorescence intensity showed that such low mRNA
doses caused a peak in protein expression 4 hours after transfection, followed by a
rapid drop in protein levels (Figure 5-4). At higher mRNA doses, most noticeably at 2
µg/mL, the same sharp increase in expression was observed at 4 hours, but this
increase was subsequently maintained, reaching a plateau which was persistent until
the last time point of the experiment (24 hours). Increasing the amount of mRNA
within the formulations led to a dose dependent increase in protein expression, a
phenomenon which has been previously reported (Lorenz et al. 2011), in both
cholesterol and cholesterol-free systems (Figure 5-4).These results are comparable
to a study by Karikó et al. investigating the optimal dose of DNA and RNA with
Lipofectin delivery (Karikó et al. 1998). The results showed that transfection
efficiency plateaued at 0.1 µg per well of a 96 well plate (equivalent to 2.2 µg/mL) for
both nucleic acids. It was suggested that at doses above this concentration, the cell
uptake and/or transport mechanisms are saturated limiting transfection.
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Figure 5-3: Flourescence imaging of B16 cells treated with C14-DOPE-35 particles both with 30% (molar)
cholesterol and without cholesterol at different mRNA doses. Images are taken at t=24 hours. Cells nuclei
stained with Hoechst (blue) and eGFP is shown in green.
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Figure 5-4: Quantification of eGFP expression in B16 cells treated with C14-DOPE-35 nanoparticles both a)
without cholesterol and b) with 30% (molar) cholesterol at various mRNA doses (0.125 – 2 µg/mL) and at
different time points. Quantification was automated and based on determining total sum of the intensity of green
fluorescence (eGFP) divided by the area of the image covered by cells. N=3, error bars = SEM.

It was observed that higher nanoparticle doses, not only led to a higher peak in protein
expression, but also caused a higher level of protein production to be maintained for the 24
hour duration of the study. One possible explanation for this could be that the higher
concentrations of intracellular mRNA delivered by the nanoparticles caused saturation of the
nuclease degradation pathways. This would decelerate the breakdown of mRNA at high
doses, thus maintaining translation over a longer time period.
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5.2.2 Time course of protein expression
Protein expression is a result of many different steps in the transfection process
(Foldvari et al. 2015) and analysing the time course of expression may lead to better
understanding of nanoparticle binding, uptake and trafficking into the cell. Reports
in the literature have shown that protein expression increases with longer incubation
times up to a certain point, usually around 4 hours, after which protein expression
plateaus or decreases (Shang et al. 2014). Similar findings were noted in Section 5.2.1
above. To explore this in more detail, the onset and duration of eGFP expression
following transfection with various lipid-peptide formulations was examined for up
to 24 hours.

5.2.2.1 Effect of phospholipids on expression
The effect of the phospholipids DOPE, DSPC and DOPC on protein expression was
investigated using cholesterol-free formulations. A dose-dependent increase in
protein expression was seen with the formulations. All formulations displayed peak
expression at about 4 hours, after which expression either plateaued as seen with
DOPE (Figure 5-5a) or decreased dramatically in the case of DSPC and DOPC (Figure
5-5b and c). A reduction in protein expression following a peak suggests that the
mRNA cannot be effectively translated, either due to degradation in the late
endosome/lysosome or as a result of endocytic recycling to the extracellular space
(Sahay et al. 2013).
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Figure 5-5: Quantification of eGFP expression in B16 cells treated with nanoparticles containing C14, peptide
35 and the phospholipids a) DOPE b) DSPC and c) DOPC at various mRNA doses and at different time points. d)
presents a direct comparison of DOPE, DSPC and DOPC at 2 µg/mL mRNA concentration. Quantification was
automated and based on determining total sum of the intensity of green fluorescence (eGFP) divided by the area
of the image covered by cells. N=3, error bars = SEM
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Expression induced by DOPE formulations was three times higher than the
expression seen with either of the other phospholipids after 24 hours (Figure 5-5d),
suggesting that the improved endosomal escape caused by the presence of DOPE (Du
et al. 2014), leads to longer-lasting expression.

The quaternary amine headgroup present with DSPC, allows lipid nanoparticles
composed of DSPC to form very stable structures which have been shown to entrap
much higher levels of mRNA than lipid nanoparticles composed of DOPE were able
to package (Kauffman et al. 2015), although it should be noted that no difference in
mRNA entrapment was detected with lipid-peptide formulations (Table 3-2). This
headgroup can lead to very strong interactions between DSPC and mRNA, which can
prevent mRNA release from the vector and/or endosome, ultimately leading to its
rapid degradation in lysosomal compartments. DOPC, although it differs from DSPC
with an alkyl tail with one degree of unsaturation, has been shown to behave similarly
to DSPC in terms of transfection (Chapter 3). Thus, is reasonable to suggest that poor
endosomal escape in DSPC and DOPC formulations reduces mRNA translation to
protein, due to degradation of the molecules within the late endosomal or lysosomal
compartments. Unlike, DSPC and DOPC, DOPE has a small headgroup and forms a
flexible membrane structure which may not bind as tightly to mRNA (Kauffman et al.
2015). This allows release of mRNA prior to reaching to lysosome.
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5.2.2.2 Effect of cholesterol on expression
Cholesterol has been shown to significantly improve mRNA transfection using
lipoplexes in Chinese hamster ovary cells (Pozzi et al. 2012). The findings shown in
previous sections (Section 3.3.3) concur, and reveal that this effect is not a result of
cholesterol-containing complexes transfecting a higher number of cells, but rather
causing increased protein expression within expressing cells. A direct comparison of
the lead C14-DOPE-35 formulations both with and without cholesterol was carried
out to explore any differences in expression over time between cells treated with
these systems (Figure 5-6).

Figure 5-6: Quantification of eGFP expression over 24 hours in B16 cells treated with cholesterol-containing and
cholesterol-free C14-DOPE-35 nanocomplexes (mRNA dose 2 µg/mL). Quantification was automated and based
on determining total sum of the intensity of green fluorescence (eGFP) divided by the area of the image covered
by cells. N=3, error bars = SEM
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Little difference was seen in the time course of protein expression induced by mRNA
delivery by either cholesterol-containing or cholesterol-free nanocomplexes (Figure
5-6). Cells treated with either formulation displayed some eGFP expression at the
first measured time point of 1 hour. This expression increased gradually, giving a
sudden sharp increase between 3-4 hours. This peak was much higher in the cells
treated with cholesterol-free lipoplexes, but these also show a sudden decrease at
the next time point (5 hours). After 5 hours, expression profiles for both formulations
overlapped, with similar levels of protein being detected for the duration of the
experiment. This is in accordance with previous data (Section 3.3.3) showing no
significant differences between eGFP protein expression when mRNA is delivered
using either cholesterol or cholesterol-free complexes. The nature of fluorescence
assays means that whilst they are a useful tool for continuous monitoring of protein
expression over time, they lack the sensitivity to differentiate between similar
samples due to reduced dynamic range.

195

5.2.2.3 Effect of peptides on expression
The surface chemistry of nanoparticles is an essential parameter determining cellular
uptake, as the presence of targeting ligands can enhance receptor-mediated uptake
(Dorney et al. 2012). In that respect, it is important to investigate the effects of the
peptides used to form the nanoplexes, since these are believed in present on the
nanoparticle surface (Section 4.2.7). They can thus be expected to play a role in the
internalisation and subsequent translation of mRNA.

Once again, a clear dose-response relationship was observed for C14-DOPE based
formulations (Figure 5-7), with an increase in protein expression as the dose of mRNA
was increased. This was noted for all formulations tested. However, persistence of
expression differed greatly between formulations at higher mRNA doses. At 2 µg/mL
mRNA, formulations containing peptides 27 (Figure 5-7a), 32 (Figure 5-7b) and 35
(Figure 5-7c) produced sustained expression of protein up to 24 hours after
transfection. At the same mRNA dose, protein expression induced by formulations
containing peptides 28 (Figure 5-7d) and 31 (Figure 5-7e) decreased. The order of
formulations producing the most protein expression 24 hours after transfection was
found to be 27>35>32>28>31 (Figure 5-7f).

Peptides 27, 32 and 35 all have one common structural characteristic: the RVRR
cleavable linker. The results presented in (Section 3.3.1.2.1) revealed improved
transfection efficiency with formulations containing this cleavable spacer. It was
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suggested that the cleaving of the peptide in vitro and detachment of the two
peptide domains causes dissociation of the nanocomplex from the endosomal
membrane, improving endosomal escape (Grosse et al. 2010). It is also possible that
this mechanism is also responsible for the persistent expression seen with the
peptides containing the RVRR motif.

One hypothesis that could be proposed is that as RVRR-containing formulations are
able to detach from the endosomal membrane, allowing DOPE-mediated escape to
occur, a burst of mRNA translation and subsequent protein expression is seen
(approximately 3-4 hours). The mRNA still loosely complexed to the nanoparticles,
which are now present in the cytosol, dissociates at a slower rate, maintaining
protein expression.

Formulations lacking peptides with cleavable linkers are known to be less able to
detach from the endosomal membrane (Mustapa et al. 2007), limiting the effect of
DOPE-mediated escape. The burst in expression occurs due to the fusion of DOPE
with the membrane, but any nanoparticle still attached to the membrane via peptide
interactions remains within the endosome. Here, they are eventually degraded as
the endosome matures into a lysosome. This would explain the reduction in protein
expression at longer time points seen with peptide 28 and 31.
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Figure 5-7: Quantification of eGFP expression over 24 hours in B16 cells treated with C14-DOPE nanocomplexes
with different peptides. a) peptide 27, b) peptide 32, c) peptide 35, d) peptide 28, e) peptide 31 and f) a
comparison of all peptides at mRNA dose 2 µg/mL. Quantification was automated and based on determining total
intensity of green fluorescence. N=3, error bars = SEM.
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5.3

Cell uptake and trafficking of nanoparticles

There are two process influencing the cellular uptake of nanoparticles; the binding
of the complex to the cell and the subsequent internalisation of the particles (Lorenz
et al. 2011). For this reason, particular focus was placed on determining the
association of mRNA complexes with the cells and defining the routes of
internalisation of cholesterol-containing and cholesterol-free nanoparticles.

5.3.1 Cell binding
Cy5 – labelled mRNA was delivered to B16, CT26 and H358 cells using the optimal
C14-DOPE-35 formulations both with and without cholesterol (Figure 5-8). In B16
cells both formulations were associated with 100% of cells within 1 hour (Figure
5-8a). The number of Cy5 puncta decreases more rapidly in cholesterol-containing
formulations than in the cholesterol-free systems. After 6 hours, only 40% of the cells
transfected with C14-DOPE-30% cholesterol-35 formulations were positive for Cy5
puncta, whilst 80% were in cells transfected with C14-DOPE-35. The Cy5 mRNA is
visualised when present in a high concentration in one area, i.e. within a
compartment. The loss of mRNA puncta must be attributed to either mRNA
degradation or mRNA escaping the endosome and diffusing through the cytoplasm
(Alabi et al. 2012). From the cell uptake data alone, it is not possible to determine
which of these is occurring but taking these results into consideration with the data
showing that protein expression is higher with cholesterol-complexes (Section
3.3.1.2.2), it is presumed that the latter is more likely. This also agrees with the
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literature showing the role of cholesterol in enhancing endosomal escape (Zidovska
et al. 2009).

Figure 5-8: Percentage of cells displaying Cy5 puncta over 24 hours in a) B16 cells, b) CT26 and c) H358 cells
after treatment with cholesterol-containing and cholesterol-free nanocomplexes (mRNA dose 1 µg/mL).
Quantification was automated and based on determining total red puncta. Imaging and image analysis was
carried out by Dr Morag Hunter at AstraZeneca. N=3 sample images, error bars = SEM.
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Similar trends were seen in CT26 (Figure 5-8b) and H358 (Figure 5-8c) cells. The
cholesterol-containing formulations are associated with virtually 100% of cells in the
case of CT26 cells and 80% of H358 cells. The maximum number of Cy5 positive cells
was seen at approximately the same timepoint (30-60 minutes) with all cell lines. The
formulation containing cholesterol does not reach as the same peak Cy5 intensity as
the cholesterol-free formulation, which may be because the cholesterolformulations are being released from the endosomes as rapidly as they are taken up
thus reducing the number and intensity of Cy5 puncta.
The lack of correlation between cell association/uptake and transfection suggests
that the reasons for the improved transfection efficiency seen with cholesterolcontaining systems may be due to differences in endosomal release.
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5.3.2 Mechanism of uptake
In an attempt to elucidate the mechanism by which the nanoparticles are
internalised, Cy5-labelled mRNA was delivered to B16 cells alongside labelled
molecules which are known to enter cells using different endocytic pathways. AlexaFluor® 488-labeled dextran (a marker for macropinocytosis) (Love et al. 2010; Pozzi
et al. 2015), transferrin (Banerjee et al. 2016; Love et al. 2010) and cholera toxin B
(Rejman et al. 2004; Lorenz et al. 2011) (markers of clathrin and caveolae mediated
endocytosis respectively) were co-incubated with mRNA lipid-peptide nanoparticles.
To determine whether or not a particular pathway was involved in the uptake of the
nanoparticles, points of co-localisation, where there is overlap between two different
fluorophores, were investigated 2 hours after transfection. It was not possible to
quantitatively study cellular uptake due to weak and erratic fluorescence signals from
some of the endosomal markers, in particular dextran, so images were qualitatively
analysed.
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Figure 5-9: Confocal imaging of B16 cells treated with C14-DOPE-35 particles containing Cy5 mRNA (red) in the presence of the endosomal markers, dextran, transferrin and cholera toxin B
(green). Arrows show co-localisation of fluorophores. Images are taken at t=2 hours. Cells nuclei are stained with Hoechst (blue).
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Figure 5-10: Confocal imaging of B16 cells treated with C14-DOPE- 30% cholesterol-35 particles containing Cy5 mRNA (red) in the presence of the endosomal markers, dextran, transferrin
and cholera toxin B (green). Arrows show co-localisation of fluorophores Images are taken at t=2 hours. Cells nuclei are stained with Hoechst (blue).
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The data show no co-localisation for either the non-cholesterol (Figure 5-9) or
cholesterol-containing (Figure 5-10) systems with dextran indicating that
micropinocytosis may not be involved in the uptake of lipid-peptide nanoparticles.
Some co-localisation of transferrin and cholera toxin B with mRNA was noted in both
formulations. This is slightly more noticeable in the cholesterol system. This suggests
that the particles may be internalised both through clathrin and caveolae guided
endocytosis. Similar findings were reported by Cui et al, who discovered that mRNA
delivered using lipid nanoparticles, in this case Lipofectamine 2000, was shown to
colocalise with both clathrin and caveolae endosomal markers (Cui et al. 2014). Lipidpeptide-DNA complexes have also been shown to be localised with transferrin,
indicating a clathrin-mediated uptake route (Weng et al. 2015). However, the DNA
nanoparticles also associated with dextran which was contrary to the observations
from this experiment. This may be due to the fundamental structures of the
nanoparticles, as the DNA complexes incorporated glycosides, or cellular differences
and Weng et al carried out experiments using Neuro-2A cells.

The co-localisation data show no difference in the route of uptake between the
cholesterol-containing and the cholesterol-free formulations. This suggests that any
difference in transfection efficiencies is not a result of cellular uptake of
nanoparticles but rather, is due to differences in endosomal escape between the two
formulations. This coincides with the data from previous Sections 5.2.2.2 and 5.3.1.
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5.3.3 Intracellular trafficking
The internalisation studies indicate that at least two endocytic mechanisms are
involved in the uptake of the mRNA-loaded nanoparticles (Section 5.3.2). Once
internalised the nanoparticles are trafficked to distinct compartments within the cell
through the endocytic pathways (Watson et al. 2005). An understanding of the
trafficking through these compartments is important to aid the rational design of
mRNA delivery systems.

Early Endosome Antigen 1 (EEA1) binds to the early endosome and thus can serve as
a marker for this endocytic compartment. Rab7 has been shown to localise to the
late endosome/lysosome and so was used as a marker for these organelles. C14DOPE-35 nanoparticles both with and without cholesterol were then used to deliver
Cy5 mRNA to B16 cells that had been co-incubated with EEA1 and Rab7, and images
were taken at 1 hour and 24 hours after incubation (Figure 5-11). Images were
analysed for co-localisation between markers and mRNA.
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Figure 5-11: Confocal imaging of B16 cells treated with C14-DOPE-35 particles, with and without cholesterol, containing Cy5 mRNA (red) in the presence of the endosomal markers EEA1 and
Rab7 (green). Cells nuclei stained with Hoechst (blue). Imaging and image analysis was carried out by Dr Morag Hunter at AstraZeneca
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After 1 hour, mRNA puncta were seen in the cholesterol-containing and cholesterolfree formulations co-incubated with EEA1. However, these puncta were not colocalised with the early endosomal marker. This may be because internalised
material only remains in the early endosome for 0-5 minutes (Watson et al. 2005),
and at 1 hour the nanoparticles may have already been trafficked through, or
released from, the endosomal pathways. This is in accordance with previous data
showing mRNA translation and subsequent protein expression occurring 1 hour after
nanoparticle incubation (Section 5.2.2).

Neither of the formulations co-localised with Rab7 after 1 hour, although mRNA
puncta as well as some diffuse areas were visible with the cholesterol-containing
formulation. mRNA puncta could be a result of accumulation in other, earlier,
compartments of the endocytic pathway whereas the diffuse areas could show
cytoplasmic mRNA. No mRNA could be detected in the cholesterol-free treated cells.
After 24 hours no Cy5 mRNA could be detected in cells treated with either
formulation under any incubation conditions. This is not unexpected as mRNA
persistence is transient (Thess et al. 2015), and the loss of mRNA from treated cells
after 24 hours was identified in previous sections (Figure 5-8).

It thus appears that both formulations are, in essence, trafficked via the same
mechanisms. This further suggests that endosomal escape is likely to be the
differentiator between the systems, rather than the route of uptake. This is
supported by earlier findings that cholesterol and non-cholesterol formulations bind
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to the same number of cells initially, but intracellular mRNA-containing vesicles are
lost much more quickly in cells transfected with cholesterol-free systems, possibly as
a result of improved endosomal escape (Section 5.3.1).

5.4

General discussion

The internalisation of lipid-peptide nanoparticles into B16 cells from cell association,
uptake and intracellular trafficking have all been studied in order to understand the
differences in transfection displayed by some formulations. Time course expression
experiments showed that the level of protein expression induced by DOPE
formulations persisted for at least 24 hours, whereas expression caused by DSPC and
DOPC formulations rapidly declined. It was suggested that this may be a result of
stronger interactions between mRNA and the DSPC and possibly DOPC hindering
mRNA release within the cell, thereby increasing lysosomal degradation.

The lipid-peptide nanocomplexes displayed quite varied kinetics in comparison to
other lipid based delivery systems. Whilst all the lipid-peptide formulations prepared
in this project elicited protein expression after 1 hour and peaked at 3-4 hours, a
study utilising Lipofectamine 2000 showed peak protein levels after 24– 48 hours
(McLenachan et al. 2013). Use of the later generation Lipofectamine reagent
RNAiMax showed peak protein expression at 18 hours, and this returned to baseline
after approximately 150 hours (Zangi et al. 2013). One possible reason for the faster
onset of expression displayed by lipid-peptide system may be a result of strong
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positive particle surface charges (Section 4.2.1) causing rapid cell-association
(Section 5.3.1) and subsequent uptake.

Internalisation studies showed that lipid-peptide nanoparticles are taken up into the
cell via both clathrin and caveloae – mediated endocytosis. This agrees with the
expectation based on the literature that particles below 200 nm would be
internalised in a clathrin-dependant manner (Rejman et al. 2004). Previous results in
this thesis have shown the superiority of cholesterol systems in the transfection of
cancer cells (Chapter 3). Data from this chapter show that both cholesterolcontaining and cholesterol-free systems bind to an equal number of cells, and are
internalised and trafficking via the same endosomal pathways. This indicates that any
differences in transfection must be a result of endosomal escape rather than the
route of internalisation. This is in accordance with earlier findings where cholesterol
complexes resulted in higher protein expression within transfected cells but did not
cause an increase in the percentage of cells transfected (Section 3.3.3).
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5.5

Conclusion

In conclusion, the results presented in this chapter illustrate the importance in
understanding intracellular distribution of mRNA nanoparticles in order to design
effective delivery vectors. All the lipid-peptide formulations investigated were able
to bind to almost 100% of cells and the addition of cholesterol, whilst impacting
transfection, did not affect the route of internalisation. This indicates that an
endosomal escape mechanism is responsible for the improvement in transfection
seen with cholesterol systems.

The high levels of cell binding suggest that any further refinement in the design of
lipid-peptide nanocomplexes should focus on improving the ability of the
particle/mRNA to be released from the endosome in order to produce a more potent
mRNA transfection system.
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6.1

General Conclusions and Future Work

Conclusions

mRNA therapy has potential as a cancer therapeutic as transient protein expression,
particularly in immunotherapy applications, is a desirable characteristic as long-term
antigen exposure may lead to T cell exhaustion (Iavarone et al. 2017). An array of
research is available to show that mRNA-mediated protein expression can halt
tumour progression and even reduce the size of the tumour, significantly extending
the life span of treated mice (Barrett et al. 2011; Perche et al. 2011) and promising
results have been seen in clinical trials (Table 1-1). However, the delivery systems
utilised generally have issues with toxicity, efficiency and/or stability, hindering the
movement of these systems into the clinic.

This thesis explored several novel aspects in the design of the lipid-peptide
nanocomplex for mRNA delivery. Chapter 3 described a methodical approach to
optimising mRNA transfection in B16 melanoma cells in order to address the primary
aim of the project, which is to determine the optimal formulation for effective mRNA
delivery. Components of the lipid-peptide system, and their ratios, were varied and
tested for their ability to transfect B16 cells. The main trends arising from this data
showed that the conical phospholipid DOPE was better able to transfect cells than
cylindrical shaped phospholipids such as DSPC. It was also shown that the inclusion
of peptides with enzyme-cleavable linkers significantly improved the transfection
efficiency of mRNA nanocomplexes, possibly as a result of quicker dissociation from
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the endosomal membrane improving release into the cytoplasm. The optimal
formulation consisted of the cationic lipid C14, the phospholipid DOPE, 30% (molar)
cholesterol and peptide 35 and was found to produce superior luciferase expression
than cholesterol-free systems both in vitro and in vivo. Flow cytometry experiments
analysing eGFP expression after transfection, showed that the improved overall
expression was a result of a higher intensity of expressed protein elicited from
transfected cells rather than a higher proportion of cells being transfected by the
cholesterol-containing system. The optimal formulation was shown to transfect a
range of cancer cells with higher efficiency than other systems, demonstrating the
suitability of this lipid-peptide nanocomplex as a platform mRNA delivery technology.

Next, in Chapter 4 the biophysical characteristics of the nanocomplexes were
investigated to examine the relationship between structure and performance.
Electron microscopy images revealed the morphology of the all complexes to be
spherical and showed the presence of a lipid membrane approximately 5 nm in size.
The size of the lipid membrane was also supported SAXS analysis. Atomic force
microscopy exposed the particle surface to be fibrous suggesting the localisation of
the peptide and/or mRNA. It was shown that the incorporation of the cholesterol
component rendered the nanocomplex more resistant to biological challenges such
as heparin, and better able to protect its cargo from nucleases, resulting in no
significant loss in transfection after RNase treatment.
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In addition to the improved biological stability exhibited by cholesterol systems,
these formulations also displayed better physical stability upon storage with less than
10% variation in the size and percentage of mRNA complexation exhibited over three
weeks of storage at 4 oC, meeting the stability criteria for successful formulation
development set by AstraZeneca (Table 4-1).

The optimal lipid-peptide

nanocomplexes meet many of the other success criteria desired by AstraZeneca. The
size (130 nm), polydispersity values (0.29) and mRNA complexation (94% at room
temperature and pH 7) are all within the acceptable boundaries. GFP transfections
showed the formulations to have efficacies greater than 20% of cells, which is the
required percentage for a successful delivery system, according to the AstraZeneca
criteria.

Finally, in Chapter 5, the internalisation and trafficking of cholesterol-containing and
cholesterol-free systems in cells were investigated to elucidate the reasons behind
the difference in transfection efficiencies, the third aim of the thesis. It was shown
that both systems were internalised at the same rate and via the same mechanisms
which appeared to involve both clathrin and caveolae–mediated endocytosis. The
data were consistent with the transfection data showing the same number of cells
being transfected with both cholesterol–containing and cholesterol-free complexes,
but a higher amount of protein produced in cells transfected with cholesterolcontaining complexes suggesting improved translation within the cell. This led to the
hypothesis that improved transfection with cholesterol systems is a result of
enhanced endosomal escape leading to higher mRNA translation.
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6.2

Future work

The work presented in this thesis showed that screening existing lipid components
can lead to improvement in mRNA delivery. Complexes incorporating DOPE showed
superior transfection efficiency to DSPC or DOPC, which was attributed to the
fusogenic properties of the lipid. Exploring the use of other helper lipids, with similar
conical structural characteristics e.g. phosphatidic acid (Balazs et al. 2011), could be
one method of further improving the transfection efficiency of the lipid-peptide
nanocomplexes. One avenue that was not explored was the use of novel lipid
materials with different properties such as ionisable headgroups (Fenton et al. 2016)
which have been shown to improve the release of nanocomplexes from the
endosome and thus enhance mRNA delivery. Future work should include screening
of these lipid compounds.

Further investigation into the endosomal escape mechanism is also required in order
to develop strategies to further improve this step of the transfection process. In order
to do this, firstly the mechanism of uptake of the nanocomplexes should be
confirmed by using endocytic inhibitors of certain pathways. The lipid-peptide
particles were shown not to co-localise with dextran, suggesting that they are not
internalised via micropinocytosis. Incubation of the cells with 5-N-ethyl- Nisoproamiloride (Love et al. 2010), an inhibitor of this pathway, would confirm this
finding. Determining the internalisation route is important because it has been
suggested that certain uptake routes do not merge with the degradative lysosomes
(Hewlett et al. 1994). The data presented in this thesis indicate that the cholesterol
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nanoparticles are released from the endosome more effectively than non-cholesterol
particles. To date, the mechanisms of endosomal escape remain poorly defined in
the literature. Fluorescence-based methods are limited to detecting co-localisation
within the endocytic pathways. To detect the presence of mRNA in the cytosol,
indicative of efficient release from the endosome, detailed fluorescence resonance
energy transfer microscopy is required (Alabi et al. 2012). In this case, cytosolic
labelled-mRNA could be differentiated from the mRNA within the endocytic pathway
which would cause activation of the fluorophore of the endocytic marker upon colocalisation.

Although the lipid-peptide system described in this thesis was able to transfect three
different cell types, non-viral vector efficiencies do vary significantly in different cell
lines. Developing targeted systems by incorporating peptides can increase direct
delivery to cancer cells whilst avoiding any undesirable side effects. Further
development of this delivery system should explore a range of cancer-specific ligands
to increase targeting to tumour cells. One example of this is using peptides with the
Asn-Gly-Arg motif that binds to CD13/aminopeptidase N which is overexpressed on
the surface of endothelial cells of liver and non-small cell cancers (Zhao et al. 2018).

This thesis explored the delivery of reporter mRNA in vivo however, the delivery of a
therapeutic mRNA to tumours was not investigated. Interleukin-15 (IL-15) production
has been shown to significantly reduce tumour growth and metastasis of B16 cells
through T cell activation (Robinson & Schluns 2017) and thus may be a good
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therapeutic mRNA for future work. The effect of IL-15 mRNA on tumour growth over
time should be measured and western blot analysis carried out to confirm presence
of the IL-15 protein.

Overall, the data in this thesis demonstrates C14-DOPE-30% cholesterol-35 lipidpeptide complexes as good candidates for an mRNA-based gene therapy product.
The biophysical properties including size and stability meet the criteria for additional
development suggested by AstraZeneca, and the ability of the system to transfect
multiple cell lines makes it an attractive lead for further investigation.
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