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Abstract 
 
Despite almost five decades of pioneering work, the use of genes for therapeutic purposes 

has not yet been fully translated into clinical practice. While there has been some success 

with viral-based gene therapies, their broader use in the clinical setting remains limited 

due to safety concerns. For this reason, synthetic alternatives have been proposed, with 

a specific focus over polymeric and lipidic delivery systems. There is however a 

discrepancy between the transfection efficacy among different delivery systems even 

though the delivery efficiency of nucleic acids is similar across systems. The aims of the 

thesis herein were to explore DNA integrity following delivery and the potential role 

played by the cellular innate antiviral responses in tuning and controlling transfection.  

 

Efficacy of delivery and transfection with Lipofectamine® 2000, jetPEI® and 

polymersomes were studied. Confocal microscopy was employed to investigate DNA 

integrity following delivery within HEK293T cells. Cellular responses to nucleic acids 

were explored using NF-κB activation experiments as well as gene expression studies in 

a range of cells (HEK293T, FaDu, HeLa, A549, THP1 and HDF). Lastly, antiviral 

response inhibitors were used to explore the potential to improve transfection in various 

cells.  

 

All delivery systems were able to deliver the DNA into HEK293T and provided 

protection from degradation to some extent. The results also suggested that antiviral 

responses to nucleic acids were cell dependent, and these correlated with transfection 

efficacy. Namely, THP1 and HDF, two cell types difficult to transfect showed greatest 

NF-κB activation and upregulation of antiviral genes. The inhibition of specific antiviral 

pathways was able to improve transfection efficiency in certain conditions. Nevertheless, 

further studies are required to fully establish the link between antiviral response and 

successful gene transfection. The development of more efficient delivery systems would 

aid the development of a broader range of non-viral based therapeutics for gene therapy.  
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Impact Statement 
 
 

The better understanding of challenges faced by delivery agents across different cell types 

could be beneficial in the development of more effective delivery systems. Through the 

understanding of the interaction between delivery systems and cell types, physicochemical 

properties of delivery agents could be fine-tuned for cellular specificity. Alternatively, if 

specific cellular pathways that contribute to the prevention of successful gene transfer 

were identified, the hindering of these pathways could improve transfection efficacies 

across different cell types. The overall increase in the delivery agent’s effectiveness would 

also lead to a decrease in the cytotoxic effect these delivery systems cause to cells as 

smaller amounts of reagents will be required.  

 

Cellular transfection is one of the most common biological methods to elicit production 

of a desired gene and remains a powerful tool to study gene functions. Better transfection 

techniques could lead to advancement in the studies of genes in previously hard to 

transfect cells.  In addition, the improvement in gene transfer would also be advantageous 

in gene therapy research. Although non-viral delivery vectors do not trigger host immune 

response and are considered safer vectors, these have shown to have limited efficacy. 

Currently, most clinically approved gene therapies employ viral vectors and require co-

treatment with immunosuppressant to offset host immunological responses.  Therefore, 

the development of better and more effective delivery systems that do not trigger the 

immune system and target more cell types can lead to the increase of conditions that can 

be treated with genes through gene therapy. 
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Chapter 1 
 
 
 
 
1.1. Introduction 

Gene therapy has been considered as one of the most promising therapies for genetic 

disorders and cancer conditions which kills millions of patients annually. The biggest 

challenge in gene therapy has been associated with the delivery of nucleic acids into the 

subcellular environment and produce its therapeutic effect. 

 

Viruses have naturally evolved to deliver pieces of external genetic material to cells; hence 

they were investigated for their potential to deliver genes for therapeutic purposes. Later 

on, scientists took inspiration from the viral delivery systems to develop better and more 

effective ways to deliver nucleic acids to cells in the hopes of solving the long-awaited 

challenge in therapeutic nucleic acid delivery. Despite being one of the most well-studied 

vector systems to deliver nucleic acids to cells, viral vectors possess several disadvantages 

to the host systems. First of all, the size of the viral particle limits the size of the gene it 

can deliver hence only genes that are below a certain length can be delivered via viral 

particles (Lundstrom 2018). Secondly, delivering genes using viral systems risk 

incorporating the gene into the genome causing potential mutations that may lead to 

cancer development (Nault et al. 2015). Lastly, in particular, viral vectors elicit 

immunological responses in the body which have led to several cases of patient death 

(Nayak and Herzog 2010). In summary, these disadvantages fuelled the search for non-

viral based vectors for gene delivery. 
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Inspired by natural viruses, several non-viral vectors showed some success in gene 

delivery, including lipid and polymer-based systems (Zhu and Mahato 2010). These 

systems exploit the intrinsic properties of nucleic acids to form complexes with vectors 

allowing cell interaction and delivery.  Despite being more versatile and able to overcome 

problems associated with viral vectors, these non-viral vectors sometimes show a 

decreased efficacy (Nayerossadat, Maedeh, and Ali 2012). Interestingly, the decreased 

efficacy of gene expression is not related to the total DNA load delivered, since reports 

have suggested that the amount of payload non-viral vectors can deliver can be a lot 

higher than viral vectors (Mali 2013).  

 

Unfortunately, up to date, there is still little understanding of why delivery does not 

correlate directly with transfection efficacy. Apart from the differences in transfection, it 

has also been verified that some cell types are considerably harder to transfect than others. 

Hence, some transfection reagents are only effective in specific cell types. Both of these 

issues remain unanswered and little debated. The pharmaceutical industry which funds 

research in gene delivery and transfection generally put less emphasis on understanding 

the biological reasons behind unsuccessful gene transfer. More often than not, 

pharmaceutical companies abandon non-promising candidates of novel delivery agents 

altogether when these are commercially non-viable. 

 

The gap in the understanding between delivery and transfection leads to the aims of the 

current thesis. The primary objective is to understand the reasons behind the 

discrepancies in transfection efficiencies across different delivery agents and cell types. A 

cellular biology approach will be used in exploring the difficulties encountered by 

transfection reagents to deliver nucleic acids into subcellular environments, namely the 
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entry and endosomal escape of genes within the endocytotic process. Furthermore, 

cellular responses to gene delivery will be investigated with a virology perspective.    

 

1.1. Hypothesis and aims 
 
Endocytosis is the most common pathway in which eukaryotic cells uptake 

macromolecular external material. It is also the pathway in which most nucleic acid 

delivery agents employ to gain cellular entry. However, little is known about the fate of 

DNA once these go through the cell membrane. Two hypotheses that could cause 

delivered nucleic acids to not produce its effect are presented. 

 

In the first hypothesis, nucleic acid delivered might not escape from the endosomal 

compartments, or it might be degraded before escaping into the cytosolic space. As a 

result, the nucleic acid will not be able to produce the encoded protein, and its therapeutic 

effect is lost. In order to bring about the expression of delivered nucleic acid, it must 

arrive at the site of action in the intact form. Hence monitoring DNA integrity following 

delivery is one of the aims of the thesis. A DNA probe attached to fluorophores forming 

a Förster Resonance Energy Transfer (FRET) pair can be used to monitor the state of 

DNA following delivery using three different delivery agents (Lipofectamine® 2000 

which will be referred as Lipofectamine hereafter, jetPEI® referred as jetPEI hereafter 

and Poly(2-(Methacryloyloxy)Ethyl Phosphorylcholine- Diisopropylamino Ethyl 

Methacrylate (PMPC-PDPA) polymersomes referred as polymersomes hereafter).  

 

The second hypothesis is the cellular responses that nucleic acid trigger within the 

cytosolic space which could prevent the successful expression of gene delivered. 

Virologist has long studied intrinsic pathways that recognise nucleic acids, but their 

effects on successful gene transfection have been little debated. These responses, also 



 22 

known as antiviral responses, could lead to a wide range of outcomes from mild cellular 

stress to apoptosis. In order to investigate these cellular responses and correlate with 

transfection efficiencies, several markers of cell stress were monitored including NF-κB 

nuclear translocation and expression of several antiviral genes associated with nucleic acid 

sensing. Lastly, inhibitors of antiviral pathways were employed to see whether 

transfection efficiency could be improved. 
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Chapter 2 
 
 
 
 

Literature Review 
 
In the first part of the review, different gene transfer mechanisms found in prokaryotes 

and eukaryotes are explored.  Then, the mechanisms of viral delivery of nucleic acids are 

discussed, as well as the cellular responses during viral entry. Several antiviral response 

pathways, and how viruses counteract them, are also discussed. Lastly, the manipulation 

of antiviral response for therapeutic uses is explored with a particular focus on the 

implications for gene therapy. The understanding of the relationship between antiviral 

responses and gene transfer may provide valuable insights and clues on improving current 

methods of gene transfer for therapeutic purposes. 

 

2.1. Gene transfer 

Gene transfer is the process in which a gene sequence is introduced into a cell and 

subsequently incorporated in its genome. Genes that are beneficial for survival or 

reproductive success are often passed to other organisms, and this is also one of the 

driving forces of evolution in Nature (J. G. Lawrence 2004). Gene transfer can happen 

in two forms: vertically or horizontally. In vertical gene transfer, genes are passed down 

from parent to offspring cells during reproduction, whereas in horizontal gene transfer 

genes are transferred between organisms other than parent and offspring (Boto 2010). 

Gene transfer allows the recipient organism to synthesise the desired gene product not 

present in the first place, hence enabling the cells to exert a new function.  
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2.1.1. Gene transfer in prokaryotes (bacteria) 

There are many examples of gene transfer within prokaryotes. The transfer of antibiotic 

resistance genes, which gives rise to multi-antibiotic resistant bacteria, is perhaps one of 

the best characterised. Apart from replicating the genes and dividing into two daughter 

cells during binary fission (vertical gene transfer), bacterial cells may acquire these genes 

from other bacteria. There are three known mechanisms in which horizontal gene transfer 

may occur in bacteria: transformation, transduction and conjugation.  

 

Bacterial transformation occurs in Nature when DNA fragments from degraded or dead 

bacteria are released to the environment. Some bacteria possess DNA binding proteins, 

known as transformasomes (Diallo et al. 2017), on their surface which allows the 

internalisation of these DNA fragments. Upon internalisation, the DNA fragment can be 

incorporated into the recipient’s genome through homologous recombination by 

dedicated proteins (Johnston et al. 2014).  

 

In the transduction process, gene transfer between bacterial cells can occur via 

bacteriophages - viruses infecting bacteria with high specificity. The proteins present in 

bacteriophages highjacks the bacterial protein synthesis machinery to produce more 

bacteriophages (Penadés et al. 2015). Some bacterial genes or plasmids may be 

incorporated into newly synthesised bacteriophages which are released to transduce other 

bacteria. As a result, bacteriophages can incorporate bacterial genes or plasmids from 

donor to recipient bacteria. 

 

Transfer of genes via physical contact is very common in gram-negative bacteria. These 

bacteria possess a conjugative plasmid with a specific nucleic acid sequence known as the 

tra sequence which allows the formation of a conjugation pilus that joins two bacteria 
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together (Grohmann, Muth, and Espinosa 2003) (Cabezón et al. 2014). Once physical 

contact is established, nucleases break one of the strands in genes with the origin of 

transfer (oriT) sequence, and the nicked strand enters the recipient bacteria via the pilus. 

A complimentary copy of the single strand is made, and both bacterial cells will now 

possess the plasmid.  

 

2.1.2. Gene transfer from bacteria to eukaryotes 

There is growing evidence that a range of eukaryotic genes is from bacterial origin 

(Dunning Hotopp et al. 2007). Most of these gene transfer occurs in an endosymbiotic 

process. The acquisition of genes from organelles of bacterial origin, such as 

mitochondria from a-proteobacteria or chloroplast from cyanobacteria, are examples that 

illustrate gene transfer from prokaryotes to eukaryotes (Boucher et al. 2003) (Lacroix and 

Citovsky 2016). The endosymbiotic theory describes how host cells have ingested these 

bacteria and over time have led a permanent dependence between them. Through 

evolution, these organelles have become an indispensable part of the eukaryotic cell while 

part of the bacterial genome is integrated into the host’s genome (Timmis et al. 2004) 

(Husnik and McCutcheon 2018). Although these organelles still retain some genetic 

information, they are no longer able to self-sustain and survive outside the host. 

 

2.1.3. Gene transfer in eukaryotes 

Gene transfer in eukaryotes is mainly from parent to offspring (i.e. vertical gene transfer), 

whereas horizontal gene transfer in eukaryotes is rather uncommon. Transfer of 

mitochondrial genome have been reported to occur among plants, and it is believed to 

be partly through parasitic plants via direct contact and the exchange of macromolecules 

(Richardson and Palmer 2006). On the other hand, the sea slug Elysia chlorotica has been 

shown to possess plastid-targeted genes of algal origin, which aids plastid to continue 
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photosynthesis even in the absence of their algal nuclei (Rumpho et al. 2008). These 

examples show that both plants and animals may acquire external genes that are beneficial 

to the host. 

 

Recent studies suggest that viruses may play a crucial role in horizontal gene transfer in 

eukaryotes (Gilbert and Cordaux 2017). It has been proposed that a host genome 

fragment might be incorporated in the viral particle during viral replication in the host. 

When the viral particles infect another organism/cell, the genome might be transferred 

into the new host as seen in bacteriophage gene transfer in prokaryotes. 

 

Apart from gene transfer, other types of nucleic acid transfer have been described in 

eukaryotes. Nucleic acids from different sources are known to be present in the 

circulatory system (Mittra, Nair, and Mishra 2012). Some of these nucleic acids are 

released as a by-product of cellular events such as blood cell breakdown, bacterial 

breakdown and cell death via apoptosis or necrosis (Lichtenstein et al. 2010). The released 

DNA is usually recognised as dangerous and is quickly removed by the immune system, 

while in some cases released nucleic acids act as messengers in intracellular 

communication. 

 

There have been reports suggesting that some cells release DNA-RNA entrapped in 

lipoproteins in a controlled manner. These nucleic acid-containing structures are known 

as virtosomes and have been shown to be able to enter other cells and cause behavioural 

changes (Gahan and Stroun 2010). One example is the stimulation of lymphocyte 

expansion following the uptake of virtosomes released by activated lymphocytes (Cataldi 

and Viola-Magni 2016). In another study, virtosomes from non-dividing rat liver cells 

were able to inhibit cell division in tumour cells as well as hindered metastasis (Garcia-
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Arranz et al. 2017). These studies suggest that virtosomes can act as intercellular 

messengers between distant cells through the circulatory system.  

 

Other types of nucleic acids, such as mRNA and microRNA may also be released during 

cell-to-cell communication. Despite not able to interfere directly with the cellular genome, 

the transfer of these nucleic acids plays an important role in epigenetics (Lo 2006). For 

example, microRNAs are able to control the post-transcription expression of target genes 

(Chuang and Jones 2007). These transfer mechanisms share similarities with prokaryotes 

and can be achieved through the release and uptake of molecules with nucleic acids or by 

physical contact of neighbouring cells, via gap junctions. These nucleic acids can be 

packaged into vesicles such as exosomes. These are membrane-bound vesicles that are 

formed by invaginations of the multivesicular body and released extracellularly. Figure 

2.1 summarises the discussed types of horizontal nucleic acid transfer that occurs in 

nature. 
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Figure 2.1 – The most common types of horizontal nucleic acid transfer that occurs in nature. 1) In 

eukaryotes, nucleic acid transfer can be via exosomes, virtosomes, gap junctions or viral transduction. 2) 

On the other hand, there are 3 types of nucleic acid transfer in prokaryotes: conjugation, transformation 

and transduction. 3) Prokaryotic DNA may also be transferred to eukaryotes via symbiotic relationships as 

bacterial cells are uptaken by eukaryotes. 
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2.2 Viruses as nucleic acid delivery agents 
 
Among the different mechanisms of gene transfer found in nature, viruses were the first 

models to be studied for nucleic acid delivery purposes (Kay, Glorioso, and Naldini 2001) 

(Waehler, Russell, and Curiel 2007). Viruses are infectious agents that are composed of 

an internal core which contains nucleic acid and wrapped by an outer protein coat known 

as the viral capsid (naked viruses). In addition to the protein coat, some types of viruses 

possess an outer membrane (enveloped viruses). Unlike cells, viruses are unable to 

replicate independently and must reproduce within cells. Therefore, viruses were evolved 

to carry the minimal components required to hijack a cell’s protein synthesis machinery 

needed for replication and the expression of viral genes. Following infection of the host 

cells, more viral particles are produced and released to the extracellular space. For these 

reasons, these small infectious particles are highly effective in delivering and expressing 

fragments of genetic material into host organisms.  

 

2.2.1. Endocytosis 

Most viruses exploit the endocytotic pathway to gain access into the cells. Endocytosis is 

the process whereby cells internalise external material within their cytoplasm. It is also 

the most common process in which eukaryotic cells internalise external material such as 

nutrients and signal transduction molecules (Mukherjee, Ghosh, and Maxfield 1997) 

(Platta and Stenmark 2011). Endocytosis can be split into two distinct phases. First, as 

the viral particle (or any external material) approaches the cell membrane, deformation  

of the cellular membrane occurs leading to the formation of a bound vesicle that pinches 

off into the cell cytoplasm, sometimes with the aid of accessory proteins such as clathrin 

and caveolae which is reviewed elsewhere (Rejman et al. 2004) (McMahon and Boucrot 

2011). Second, the newly formed vesicle is trafficked to its destination. It is now widely 

accepted that most of the internalised material will be transported into intracellular 
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compartments within the endocytotic pathway: early endosomes, multivesicular bodies, 

late endosomes and lysosomes (Tjelle et al. 1996) (J. Zhang et al. 2016). As the viruses 

pass through different endocytic compartments, they are subjected to changes in salt 

concentrations and decreased pH as well as an increased concentration of proteases. 

These compartments are an example of how cells have evolved to defend themselves 

against harmful external materials (Canton and Battaglia 2012). As a consequence, viruses 

have developed countermeasures that allow them to escape these compartments in order 

to infect target cells successfully. 

 

2.2.2. Viral escapes mechanisms and uncoating 

Different types of viruses employ several ways to escape the endosomal pathway as 

illustrated in figure 2.2/figure 2.2A. These mechanisms range from fusion with 

endosomal membrane aided by fusion proteins, pore formation within endosomal 

compartments and pH-buffering systems causing endosomal rupture (Lucas et al. 2001) 

(Słońska, Cymerys, and Bańbura 2016). In most cases, nucleic acid delivered by viral 

vectors escape the pathway before reaching the very acidic lysosomes. It has been 

demonstrated that viral escape may happen at different stages of the endocytosis, as the 

endocytic compartments are associated with Rab proteins playing a crucial role in the 

vesicles trafficking between compartments (Grosshans, Ortiz, and Novick 2006). Some 

viruses escape through early endosomes triggered by the pH drop with the help of pH-

sensitive fusion proteins. Examples include hepatitis C virus (HCV) (Meertens, Bertaux, 

and Dragic 2006), Semliki Forest virus (SFV) (Stiles and Kielian 2016) and vesicular 

stomatitis virus (VSV) (Johannsdottir et al. 2009). Viral escape can also be triggered by a 

change in endosomal membrane potential verified in human rhinovirus 2 at maturing 

endosomes (Berka et al. 2009). There are also viruses that escape the endosomal pathway 

at later stages such as in late endosomes. For example, while the Human papillomavirus 



 31 

(HPV) 16 employs pH independent fusogenic proteins to escape into the cytosol from 

endosomes (Bergant Marušič et al. 2012), the influenza A virus (IAV) (Edinger, Pohl, and 

Stertz 2014) and lymphocytic choriomeningitis virus (LCMV) (Quirin et al. 2008) escape 

through pH-sensitive mechanisms. The escape into the intracellular space may also occur 

in organelles such as endoplasmic reticulum (ER). For example, polyomaviruses (Py) such 

as murine Py and simian virus 40 (SV40) are known to reach ER via endosomes (Inoue 

and Tsai 2013). In short, these viruses undergo a conformational change, are transported 

across the ER membrane and released to the cytosol. 

 

Figure 2.2 – Endocytosis and viral escape mechanisms. A) With the exception of a small range of viruses 

which gains cell entry via membrane fusion, such as HIV1, HSV and SEV, most viruses gain cellular entry 

via endocytosis. Viruses such as mPy and SV40 are able to escape endocytic pathway in the endoplasmic 

reticulum. B) As the viruses go through different compartments, escape mechanisms are triggered allowing 

the release of the viral particle into the cytosol. Viruses such as HCV, HSV and VSV have pH sensitive 

fusion proteins which allows their escape in early endosomes. HRV2 is triggered by the change in 

membrane potential of multivesicular bodies. C) Other viruses such as HVP and IAV employ pH 

independent fusogenic proteins and escape at late endosomal compartments. (Magnified versions of the 

different areas are in the following page) 
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Figure 2.2 (continuation) – 
Magnified images of 
endocytosis and viral 
escape mechanisms at 
different stages. Escape at 
cell membrane and 
endoplasmic reticulum (A), 
in early endosomes and 
multivesicular bodies (B) 
and in late endosomes (C) 



 33 

Depending on the type of virus, the uncoating of the viral capsid and the release of the 

viral genome may happen following endosomal/endoplasmic reticulum escape or after 

being transported to its site of action. The uncoating of RNA viruses may happen before, 

during or after the endosomal escape.  For example, some RNA viruses such as polyoma 

and adenoviruses begin their uncoating process before endosomal escape (Suomalainen 

and Greber 2013). Whereas in other cases such as rhinoviruses, the uncoating process is 

part of the escape process (Fuchs and Blaas 2010). On the other hand, DNA viruses are 

usually transported close to the nucleus before releasing the viral genome in order to enter 

the nucleus via nuclear pore complexes. There are, however, some viruses that are capable 

of entering cells via fusion with the plasma membrane, as an alternative entry mechanism 

from the endocytotic pathway. Viruses such as human immunodeficiency virus (HIV) 

type 1 (Klasse 2012), herpes simplex virus (HSV) (Weed and Nicola 2017) and Sendai 

virus (SeV) (E. C. Smith et al. 2009) may release their viral cargo at cell entry stage through 

pH-independent fusion proteins at the plasma membrane.  In all these cases, the release 

of the viral nucleic acid into the subcellular space may act as a cue of viral invasion, and 

it can activate the nucleic acid sensing pathway, an intrinsic cellular defence system 

ubiquitously present in every cell of the host. 

 

2.2.3. Biotechnological modifications and current viral-based therapies 

The replacement of non-essential viral genes with the gene with therapeutic effect is the 

core principle of viral-based delivery systems; however, many other obstacles must be 

addressed in order to use viral particles as nucleic acid delivery agents. One of the 

foremost obstacles in employing viruses as delivery vectors is the fact that they are highly 

infective. Infectivity can be defined as the ability of a virus to enter the target cell as well 

as replicate and produce more viral particles. In most cases, the self-replication of the 

therapeutic gene is not desirable; thus, the removal of genes responsible for viral 
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replication is often required. Other viral modifications may be used to manipulate viral 

tropism, immunogenicity and pathogenicity (Bouard, Alazard-Dany, and Cosset 2009). 

These viruses that have been genetically modified are known as viral vectors.  

 

There is some success in studies with viral-based vectors that use viruses which have 

reduced infectivity (Kotterman and Schaffer 2014). Adenoviruses, adeno-associated 

viruses are two examples of viral vectors that have been modified and marketed for 

therapeutic uses. Gendicine (Biaoxue et al. 2016) which uses adenoviruses and Glybera 

(Ylä-Herttuala 2012), which employs adeno associated viruses, are two viral-based gene 

therapies that have been approved for clinical use. They are used in the treatment of head 

and neck squamous cell carcinoma and lipoprotein lipase deficiency respectively. Both 

Gendicine and Glybera work increasing the protein expression of a specific protein that 

is missing or downregulated in the diseased condition. The nucleic acid encoding for the 

downregulated/missing protein is delivered into target cells through adenovirus and 

adeno associated virus respectively. More recently, four other viral-based gene therapies 

have been approved for clinical use. These therapies use gamma-retroviruses and 

lentiviruses for delivering genes. Among the newly approved therapies, both Kymriah (to 

treat acute lymphoblastic leukaemia) and Yescarta (to treat B cell lymphoma) are 

autologous chimeric antigen receptor (CAR) T cell therapies (also known as CAR-T) 

(Zheng, Kros, and Li 2018). These therapies use the adoptive cell transfer approach: T-

cells are harvested from patients and modified to express CARs via gene therapy before 

they are reintroduced back to the patient. The receptors expressed are then able to bind 

to antigens found on the surface of cancer cells and activate the immune system to attack 

the cancer cells. Figure 2.3 shows the most recent launches of approved gene therapies 

using viral-based delivery agents. 
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Figure 2.3 – Approved viral base gene therapies. The first approved gene therapy drug, Gendicine, was 

approved in china in 2003; however, it took another 9 years for the first approval of Glybera for the use in 

Europe. In recent years, 4 other gene therapies have been approved (Strimvelis, Kymriah, Yescarta and 

Luxturna), all of which employs viral vectors for the delivery of therapeutic gene. 

 
2.3. Non-viral based delivery systems 

Despite having a few approved gene therapies in the last decade, in recent years research 

on viral-based vectors has been in decline due to economic burden, complex making 

procedures, safety considerations as well as their inability to deliver large payloads of 

genetic material for therapeutic uses.  

 

Although there have been some breakthroughs in viral based systems for gene therapy 

purposes, the need to explore other non-viral based delivery systems has always been of 

particular interest in the scientific community. There are mainly two strategies in non-

viral based delivery systems, physicals and chemicals. Examples of physical methods 

include microinjection (direct injection via microneedles into the nucleus) (Jones et al. 

2018) electroporation (the disruption of cellular membrane via electrical impulses) (Potter 

and Heller 2003) (Lambricht et al. 2016) and sonoporation (temporary disruption of cell 
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membrane via ultrasound) (Tomizawa et al. 2013). Despite being able to deliver nucleic 

acids into subcellular space, these physical methods have been shown to have a very low 

transfection efficiency while causing substantial cellular stress.  

 

2.3.1. Calcium Phosphate 

The nucleic acid co-precipitation with calcium phosphate has been a widely-used 

transfection method in laboratories following its discovery in the 1970s (Graham and van 

der Eb 1973). This is one of the early methods used to deliver and cause transfection of 

desired genes in a range of cell types. Due to its relatively low cost and a simple protocol, 

it is still widely used despite unclear cellular entry mechanisms and high cytotoxicity. The 

overall positive charge in the chemical compound is able to complex with the negatively 

charged nucleic acids and form precipitates. The precipitate is added in the media and 

incubated with target cells. It has been suggested that the cellular uptake of these nucleic 

acid precipitates is also through endocytosis (Karra and Dahm 2010). Nevertheless, the 

transfection efficiency of calcium phosphate has shown some variability. This variability 

in efficiency may be caused by the size of the complexes during the formation process 

that is highly sensitive to temperature, pH and salt concentrations. Attempts have been 

made to optimise the conditions in which DNA-calcium phosphate nanoparticles are 

formed to reduce its cytotoxicity for gene transfer purposes (Cao et al. 2011). More 

recently, apart from optimising the formation of calcium phosphate nanoparticles, some 

groups have tried to incorporate polymers such as protamine (Tenkumo et al. 2013) and 

poly (l-lysine) (Khan et al. 2016) to improve transfection efficiency. There are still ongoing 

studies using calcium phosphate nanoparticles; however, cytotoxicity and poor efficacy 

remain a significant challenge these nanoparticles have to overcome for gene delivery. 
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On the other hand, lipid and polymer-based delivery systems have also been explored as 

an alternative to viral-based systems. One of the major advantages that these novel 

candidates exhibit is the high-flexibility in the physical and chemical properties that can 

be fine-tuned to suit individual needs. Non-viral vectors can mainly be categorised into 

two types based on their composition: lipidic systems and polymeric systems. Similar to 

viral based vectors, non-viral systems also exploit the endocytosis process to deliver 

nucleic acids.  

 

2.3.2. Lipids as non-viral delivery systems 

Lipids are a class of molecules that contain a chain of hydrocarbons which gives them a 

hydrophobic nature, unable to dissolve in aqueous solutions. Examples of simple lipids 

include fats and waxes. In some cases, these lipids are attached to a hydrophilic group at 

one end of the hydrocarbon chain leading to an amphiphilic nature, as seen in 

phospholipids. Hence, when amphiphilic lipids are surrounded by an aqueous 

environment, self-assembly occurs forming structural aggregates. With the right 

conditions, these structural aggregates will be vesicular structures known as liposomes 

that possess an interior aqueous phase.  

 

When cationic lipids are used in the formation of vesicles, the resulting liposomes will 

have an overall positive charge. Since nucleic acids have an overall negative charge, due 

to its phosphate groups, cationic liposomes are able to interact with nucleic acids. The 

interaction will result in a liposome-nucleic acid complex, also known as lipoplexes. These 

lipoplexes have been showed to effectively transfer nucleic acids such as DNA into cells 

through endocytosis (Rao 2010). Following internalisation, the lipoplexes will be bound 

into endosomal compartments destined to fuse with lysosomes. Most types of cationic 

lipids have been shown to be able to disrupt the endosomal membrane through 
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electrostatic interactions, leading to leakage of its contents (Zuhorn et al. 2005). In some 

cases, the addition of a co-lipid could improve transfection efficacies. Furthermore, the 

conjugation of fusion proteins has also been common practice in order to improve 

endosomal escape and transfection (Balazs and Godbey 2011). 

 

Liposomes have long been used for research purposes to deliver nucleic acids (DNA) to 

cause cell transfection (Felgner et al. 1987) (Rasoulianboroujeni et al. 2017). An example 

of a common lipid-based nucleic acid delivery system is the commercially available 

liposomal formulation Lipofectamine. According to its manufacturer, Lipofectamine is 

liposomal formulation of the cationic lipid 2,3-dioleyloxy-N-

[2(sperminecarboxamido)ethyl]-N,Ndimethyl-1-propanaminium trifluoroacetate 

(DOSPA) and the co-lipid dioleoyl phosphatidylethanolamine (DOPE) at a 3:1 (w/w) 

ratio. Upon interaction with nucleic acids such as DNA, the DOSPA:DOPE liposomes 

have been shown to undergo a slight structural change (May and Ben-Shaul 2004). The 

lipids will reorganise into two possible conformations as suggested in figure 2.4. The first 

and most common is the lamellar structures whereby DNA will be entrapped between 

layers (Rädler et al. 1997) (Cyrus R. Safinya et al. 2014); the second is the inverted 

hexagonal structures which DNA entrapped within each hexagon subunit (C. R Safinya 

et al. 2006). These positively charged complexes will then adhere to the cell surface due 

to electrostatic interactions and lead to endocytosis (A. J. Lin et al. 2003). The DNA 

release is then facilitated by the presence of DOPE which promotes the endosomal 

escape through the fusion with endosomal membrane (Hoekstra et al. 2007). The 

mechanism in which lipofectamine delivers and escapes the endosomal compartments 

makes it an excellent transfection reagent.  
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Figure 2.4 – Two conformations in which Lipofectamine exhibit following complex formation with DNA. 

The lamellar structure where DNA is entrapped between layers (A) and the inverted hexagonal 

conformation (B). 

Transfection using Lipofectamine required cells at high confluency,  this is to offset the 

reduction in cell numbers likely to be caused by cytotoxicity (Lappalainen et al. 1994) 

(Fröhlich 2012). The toxicity of cationic lipids in nucleic acid delivery has been correlated 

with the type of linker group between the hydrophobic head and hydrophilic tail (Choi et 

al. 2001) (Qiao and Zhou 2013). One of the solutions for this problem is to look for other 

types of materials for nucleic acid delivery which show greater versatility in structure and 

function.  

 

2.3.3. Polymers as non-viral based delivery systems 

Polymers were explored as a potential candidate for nucleic acid delivery. Similar to lipids, 

cationic polymers may be used as delivery agents using similar principles. These multi 

subunit molecules are highly tuneable allowing the modification of cytotoxic components.  

In addition, cationic polymers can be coupled with targeting moieties to improve cell 

specificity (Yassin et al. 2015) or engineer them to exhibit particular physicochemical 

properties like stimulus-response.  Polymer-based systems can either form 

polymer/nucleic acid complexes or form vesicular structures known as polymersomes 

and have nucleic acid loaded in them. 
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2.3.3.1. Cationic polymers 

An example of a common polymeric delivery system uses branched polymers that possess 

a positive charge, such as polyethylenimine (PEI) (Lungwitz et al. 2005). Together with 

Lipofectamine, PEI has been considered as gold standard transfection reagents used in 

the research community for cellular transfection (Eliyahu, Barenholz, and Domb 2005).  

The complexation of negatively charged nucleic acids with PEI is made possible due to 

the nitrogen atoms present in the polymer branch. These positively charged polymer will 

form complex with nucleic acids through charge interaction facilitating their entry into 

the cellular compartments through endocytosis. However, in order to maintain an overall 

positive charge, the ratio between nitrogen atoms in PEI and the phosphate groups in 

nucleic acid must be adjusted. Experimental data suggest that the N/P ratio is a major 

factor influencing transfection efficiency and cellular toxicity as it dictates the overall 

positive charge of PEI/nucleic acid complexes (Q.-Q. Zhao et al. 2009). It has been 

demonstrated that nucleic acid (namely DNA) is fully complexed with PEI at N/P ratio 

= 3, while at N/P ratio below 3, some nucleic acid remains unbound to PEI hindering 

the efficacy of the delivery agent (Yue et al. 2011). Currently, it is widely accepted that the 

N/P ratio must be >3 in order to transfect cells successfully. On the other hand, the 

number of phosphate groups within a nucleic acid molecule depend on its length, the 

concentration used must be readjusted each time a different nucleic acid is used to 

maintain a favourable N/P ratio. Later on, it has been demonstrated that even at constant 

N/P ratio, the actual concentrations of reagent or nucleic acid used may influence the 

size and charge of the complexes formed, which in turn influence affect transfection 

efficiencies for these delivery systems (Hou et al. 2011).  The principle of N/P ratio can 

also be applied to other types of cationic-based nucleic acid delivery systems which rely 

on nitrogen molecules to interact with nucleic acids.  
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As with lipofectamine, the release from the endosomal compartments is caused by the 

membrane destabilisation properties of PEI leading to an improved transfection 

efficiency (Clamme, Krishnamoorthy, and Mély 2003). In fact, PEI has been showed to 

provide improved transfection efficiency when compared to several other cationic lipid 

and polymers (Remy et al. 1998) (Yamano, Dai, and Moursi 2010a). 

 

There are two types of PEI used in gene delivery: branched and linear. Since the overall 

positive charge in PEI is dictated by the presence of amine present in the polymer, 

branched PEI have slightly higher amine content thus are able to interact more strongly 

with nucleic acids. The stronger interaction with nucleic acid would result in a more stable 

polymer complex which increases the half-life of complex and protects DNA from 

degradation (Wu et al. 2006). On the other hand, linear PEI exhibit slightly higher 

transfection rates than their branched counterparts (Jere et al. 2009). The phenomenon 

might be attributable to the fact that linear PEI has a weaker interaction with nucleic acids, 

which facilitates the release of the nucleic acid within the cytosol. However, regardless of 

whether PEI is branched or not, the endosomal disruption caused by PEI as well as the 

large amount of PEI found in the cells following transfection have been showed to 

contribute directly to cellular toxicity (Clamme, Krishnamoorthy, and Mély 2003).   

 

Despite the attempt to use cationic polymers as less toxic alternatives to cationic lipids, it 

seems that part of the cytotoxic effect verified can be attributed to the nature of these 

cationic vectors. One factor is the degradability of the vector, which has been suggested 

to be an important factor in causing toxic effects when free cationic lipids or polymers 

remain intact within the cellular environment. Indeed, efforts to improve the degradable 

linkage structure have led to the improved clearing of cationic vehicles and thus reduced 

cytotoxicity (Jere et al. 2009). Unfortunately, the second factor of cytotoxicity is the 
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cationic nature itself. It has been demonstrated that the cationic lipids and polymers may 

induce mitochondria-mediated apoptosis (Hunter and Moghimi 2010). There was a slight 

improvement of cytotoxicity when a heterocyclic ring is added to the cationic vehicles 

spreading the positive charge usually found in the cationic head (Ilies et al. 2003). An 

alternative system, which could overcome the cytotoxic effect due to the permanent 

positive charge present, is to employ chemical compounds that show a temporary charge 

during complexation with nucleic acids and become neutral when delivered to cells. 

Ionisable lipids such as 1,2-dioleoyl-3-dimethylammonium-propane (DODAP) are able 

to interact with nucleic acid at acidic pHs, whereby at physiological pH these become 

neutral; thus, minimising the cytotoxic effect caused by the positive charge (Tam, Chen, 

and Cullis 2013). Such approach is used in Patisiran, the recently FDA-approved siRNA 

therapy for hereditary transthyretin-mediated amyloidosis (Adams et al. 2018). 

 

In summary, the cationic nature of these delivery vehicles governs both the efficacy and 

cytotoxicity of these transfection agents. The more cationic, the stronger is the interaction 

with nucleic acid at the expense of becoming more cytotoxic to cells. Hence, a balance 

between these two opposing factors must be found in order to use cationic lipids and 

polymers for gene transfer. 
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2.3.3.2. Synthetic viruses – a new approach 

The toxicity of cationic lipids and polymers arises mostly from the positive charge present 

in the hydrophobic groups. The positive charge, in turn, governs the interaction with 

nucleic acids; therefore, an alternative delivery system which does not depend on charge 

interaction with nucleic acids to form complexes is highly desirable. Taking inspiration 

from viruses which deliver nucleic acids by encapsulating within the viral particle, a similar 

system can be used for gene delivery purposes. As explored earlier, amphiphilic molecules 

can self-assemble in an aqueous environment; hence, block copolymers made up with 

hydrophilic and hydrophobic components may be explored. The ultimate aim is to create 

vesicular structures which could encapsulate nucleic acids to be delivered, rather than 

forming complexes seen in cationic vehicles. 

 

As with amphiphilic lipids, polymers with amphiphilic nature form polymeric vesicles, 

also known as polymersomes (Discher et al. 1999). These vesicles can be fine-tuned to 

have intrinsic properties which can be exploited for the delivery of biomacromolecules. 

Although no clinical trials have been conducted for gene therapy using polymersomes, 

there is growing evidence that these polymeric vesicles can delivery nucleic acids and 

cause expression of delivered genetic material (H. Lomas et al. 2007). 

One particular example of amphiphilic polymer used as a delivery system is the block 

copolymer poly(2-(methacryloyloxy)ethyl phosphorylcholine)-poly (diisopropylamino 

ethyl methacrylate), also referred as PMPC-PDPA. PMPC-PDPA polymersomes have 

been shown to target scavenger receptors found on cell membranes (Colley et al. 2014). 

The PMPC component is hydrophilic, whereas PDPA is pH sensitive, with a pKa of 6.4 

as illustrated in figure 2.5A and B. When the aqueous environment is above pH 6.4, amino 

groups present in PDPA becomes deprotonated leading to hydrophobicity in the PDPA 
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segment. In contrast, as pH drops below 6.4, the amino groups present in the segment 

are protonated, and the PDPA block becomes hydrophilic. Hence, PMPC-PDPA block 

copolymers will self-assemble into polymersomes at solutions where pH is above 6.4. 

These assembled polymeric vesicles have an aqueous core thus hydrophilic molecules 

such as nucleic acids can be entrapped within them, without relying on charge interaction. 

As with viruses, these polymeric vesicles enter the cell through the process of endocytosis 

(Słońska, Cymerys, and Bańbura 2016). The intrinsic properties of PMPC-PDPA 

polymersomes are exploited to escape endosomes, despite the fact that they do not 

possess fusion proteins. As discussed earlier, as newly internalised material goes through 

different endosomal compartments, the pH drops substantially. Thus, the pH drop 

associated with the endocytosis process can be used to trigger PMPC-PDPA 

polymersomes disassembly, allowing its content to be released as suggested in figure 2.5C. 

Following polymersome disassembly, the sudden increase of particle number within the 

endosomal compartment will lead to an increase in osmotic pressure leading to osmolysis. 

The endosomal membrane would temporarily release encapsulated material such as 

nucleic acids in order to compensate for the sudden increase of pressure (Canton and 

Battaglia 2012). In summary, PMPC-PDPA polymersomes provide a novel approach in 

nucleic acid delivery which does not depend on cationic charge interaction with nucleic 

acids. These polymeric vesicles enter cells via endocytosis and have intrinsic properties 

for escape; thus, provides an alternative platform for nucleic acid delivery to cells. 
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Figure 2.5 – PMPC-PDPA polymersomes and cellular entry. The structure (A) and the formation of pH-

sensitive PMPC-PDPA polymersomes (B). Polymersomes enter cells via endocytosis and dissemble upon 

pH drop at endosomal compartments and encapsulated cargo is released (C). (Adapted from (Hannah 

Lomas et al. 2010), (LoPresti et al. 2009) and (Marzia Massignani et al. 2010)) 

The immunological response to viral vectors was one of the main causes for the search 

for non-viral based vectors. Both cationic lipids and polymers showed promising efficacy 

in the delivery of nucleic acids, despite exhibiting some cytotoxicity. Nevertheless, these 

non-viral systems are less efficient in causing the expression of the delivered genes. The 

next section of the review will be focused on cellular antiviral responses and whether 

these responses could be the reason for differences in transfection efficiencies between 

viral and non-viral delivery systems.  
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2.4. Nucleic acid sensing 

Cells respond to different stress signals in order to defend themselves and maximise 

survival. Such response is dependent on the nature and duration of the stress. When the 

stress is mild, cellular defence pathways are activated to attempt cell survival; however, if 

the stress is severe or cells are unable to defend against such insult through intrinsic 

survival mechanisms, cells may undergo programmed cell death to remove damaged cells 

(Fulda et al. 2010a). Examples of mild stress include the response to oxidative stress 

caused by the accumulation of reactive oxygen species (Birben et al. 2012), DNA damage 

response caused by exposure to chemotherapeutic agents or irradiation (Roos and Kaina 

2006), unfolded protein response triggered by protein misfolding (Walter and Ron 2011) 

and heat shock response activated by mild heat stress (Richter, Haslbeck, and Buchner 

2010). These defence mechanisms pathways are usually accompanied by activation of 

immune responses such as inflammation, interferon response or NF-κB activation. When 

the attempt to rescue the cells through these responses fails, and irreversible damage is 

provoked, cell death programs such as apoptosis and necrosis are activated to eliminate 

those cells.  

 

Stress responses may also be triggered by immune recognition of harmful organisms and 

substances, including viruses. The innate immune system has evolved to recognise 

potentially harmful macromolecules. In contrast to the adaptive immune system where 

the body recognises specific molecules that have been previously present in circulation, 

the innate system is responsible in identifying any unseen molecules that could pose a 

threat to the body (Iwasaki and Medzhitov 2010). Due to the diverse structures and forms 

of different pathogens, cellular recognition relies on specific molecular patterns rather 

than on the pathogen as a whole. These molecular patterns are known as pathogen-

associated molecular patterns (PAMPs) (Akira, Uematsu, and Takeuchi 2006). Similarly, 
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molecules released by the host or by the environment can be a clue to cellular damage 

and these are recognised by our bodies through damage-associated molecular patterns 

(DAMPs). Within the repertoire in the very crowded cytosolic compartment, there is a 

group of receptors known as pattern recognition receptors (PRRs) that are specialised in 

recognising PAMPs and DAMPs. Upon the activation of PRRs, a cascade of events is 

triggered leading to endogenous processes such as inflammation and cell death. 

 

Classical PAMPs such as bacterial lipopolysaccharides or viral proteins were once 

believed to play a central role in the innate system; however, with the better understanding 

of the biochemical pathways involved, nucleic acids have emerged to be much more 

important in innate response than previously thought. Viral nucleic acids and other 

nucleic acids delivered by delivery agents may act as PAMPs, whereas the presence of 

self-nucleic acids in unusual subcellular locations may act as DAMPs. These nucleic acids 

act as a signal for infection or cellular damage and induce cellular responses. These 

responses are the first line of defence of invading pathogen and trigger the removal of 

damaged cells by evoking interferons and cytokines.  

 

As cells sense exogenous nucleic acids or nucleic acids associated with cellular damage, it 

will trigger a cascade of events to respond to this hostile trigger. The type of downstream 

cascade is highly dependent on the specific type of PRRs activated. These receptors of 

nucleic acid sensing can be categorised by the location in which they are found: either 

embedded in membranes or found dispersed in the cytosol. Figure 2.6 provides a 

summary of the most well studied nucleic acid sensors and their downstream pathway. 
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2.4.1. Membrane-bound sensors: Toll-like receptors 

Toll-like receptors (TLRs) are the most well studied PRRs. Four subtypes of TLRs are 

nucleic acid specific: TLR3, TLR7, TLR8 and TLR9. With the exception of TLR9, which 

recognises DNA, all other nucleic acid sensing TLRs sense RNA (Kawai and Akira 2007). 

A characteristic of TLRs is that these receptors are found embedded in the membrane: 

the above mentioned TLRs are usually found within the endosomal membrane, while 

other types of TLRs may be found embedded in the the external leaflet of the plasma 

membrane. Upon activation, these TLRs cause an up-regulation of pro-inflammatory 

genes as well as the production of interferons to equip cells to fight against pathogen 

infection (Akira and Takeda 2004).  

 

These membrane-bound receptors are usually activated by nucleic acids that are released 

by viruses within the endosomal compartment. The recognition of nucleic acids by TLRs 

leads to the receptor dimerisation.  As a result, adaptor proteins are recruited, leading to 

further downstream events. There are two possible downstream pathways in which 

nucleic acid sensing TLRs can be activated: via adaptor protein MYD88 or adaptor 

protein TRIF (Yamamoto et al. 2003).  

 

The receptors TLR7,8,9 trigger the MYD88-dependent pathway, whereby the association 

of the adaptor protein MYD88 with IRAK4 will allow phosphorylation of IRAK1 and 

IRAK2. Both of these proteins will further activate TRAF6 protein which in turn activate 

kinase TAK1.  Activated TAK1 stimulates the IKK complex leading to the degradation 

of IκB.  The function of IκB is to conceal the nuclear localisation signal found in NF-κB, 

a transcription factor usually found in the cytosol. As a result of degraded IκB, NF-κB is 

translocated into the nucleus causing the upregulation of multiple stress-related genes 

including inflammatory genes and cytokines. In addition, the activation of MYD88 will 
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also lead to the activation of IRF7, which in turn trigger the expression of type I IFN 

genes, known as Interferon Stimulated Genes (ISGs).  

 

The second pathway is triggered by TLR3 which recognises dsRNA via adaptor protein 

TRIF. Similar to the Myd88-dependent pathway, the TRIF can activate TRAF6 and cause 

the downstream effects verified in the Myd88-dependent pathway. In addition to TRAF6, 

activated TRIF can also trigger type I IFN response through TRAF3 (Häcker et al. 2006). 

It is interesting to note that both Myd88-mediated and TRIF-mediated pathways have 

cross-talk mechanisms and this synergy may be necessary in ensuring the efficient 

activation of the innate immune system following PAMP recognition via TLRs present 

in endosomes (Tan et al. 2014). Both of these pathways eventually trigger NF-κB 

translocation to the nucleus as well as triggering type I IFN responses via IRF7. 

 

2.4.1.1. TLR and viruses: 

The roles of TLRs in the innate immune system are usually beneficial to the host by 

impeding viral replication.  For example, the TLR7 signalling pathway is critical for type 

I IFN production in plasmacytoid dendritic cells (pDCs), and its knockdown together 

with Myd88 have shown to increase viral replication of West Nile virus (WNV) and 

mortality in mice (Town et al. 2009). Other studies have suggested that TLR8, a 

structurally related receptor of TLR7, could mediate autophagy in macrophages resulting 

in inhibition of HIV-1 infection (Campbell and Spector 2012). On the other hand, TLR9 

has been reported to be important in HIV infection as polymorphisms in the receptor 

were suggested to trigger a rapid disease progression (Bochud et al. 2007).  
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2.4.1.2. How viruses counteract TLRs 

It has become evident that some viruses have developed mechanisms that target the TLR 

signalling pathway in order to inhibit viral detection and to improve virulence. For 

example, the A46R protein from Vaccinia Virus is able to interact with both Myd88 and 

TRIF adaptor proteins through the TIR domain, which leads to a decreased NF-κB 

activation and IRF response (Bowie et al. 2000). While the A52R protein from the same 

virus is able to interact with TRAF6 and IRAK2 leading to the inhibition of Myd88 

dependent NF-κB activation (Rana et al. 2013). It was further confirmed that the removal 

of the A46R codifying gene would lead to virus attenuation (Perdiguero et al. 2013). 

Hepatitis C virus is another well-known viruses that possess proteins that could 

manipulate the TLR pathway: the NS3-4A protease has the ability to inhibit TLR3 

signalling by the cleavage of the adaptor protein TRIF (K. Li et al. 2005), while more 

recently, NS5-A was found to inhibits the MyD88 pathway (Tsutsumi et al. 2017). These 

examples of viral evasion mechanisms further highlight the fact that TLR signalling could 

impede viral infection. Also, counteracting measures must be in place in order to 

efficiently deliver viral genes and transduce host cells. Hence the effect of TLRs must not 

be overlooked when developing gene delivery systems for therapeutic uses. 

 

2.4.2. Cytosolic sensors (RNA sensors – NRLs and RLRs)  

The presence of TLRs embedded in the endosomal membrane allows the recognition of 

nucleic acids from viruses that exploit endocytosis as an entry mechanism. However, 

these receptors are unable to detect viral nucleic acids which have escaped from the 

endosomal compartment through the different mechanisms discussed earlier. For this 

reason, cytosolic pattern recognition receptors (PRRs) act as the second line of defence 

against the invading viruses and nucleic acids, while triggering antiviral responses 

mediated by type I interferon responses (Wilkins and Gale 2010). Among the unbound 



 52 

cytosolic PRRs, two groups that recognise RNA are described here: the nucleotide-

binding oligomerisation domain-containing (NOD)-like receptors, and the retinoic acid-

inducible gene I (RIG-I)-like receptors as suggested in figure 2.6. These alternative 

sensing mechanisms are particularly important when viruses circumvent the endosomal 

TLRs. 

 

2.4.2.1. NOD-like receptors 

The main function of NOD-like receptors (NRLs) is the formation of proteins 

responsible for inflammatory responses, known as inflammasomes. These proteins 

regulate the innate immune system that can lead to inflammatory cell death, known as 

pyroptosis (Kufer and Sansonetti 2011). Despite the fact that all the NRLs are closely 

associated with antiviral responses, only two NRLs have been identified to be capable of 

directly binding to nucleic acids: NLRC2 and NLRX1, while other types of PAMPs and 

DAMPs activate other NRLs. NLRC2 (also known as NOD2) is capable of sensing sense 

ssRNA from some viruses directly and activate mitochondria antiviral-signalling protein 

(MAVS), also known as IPS-1, found in the outer mitochondrial membrane leading to a 

further signalling cascade. Upon activation, MAVS coordinates the activation of the TRIF 

pathway earlier discussed in TLR3 signalling leading to IFN responses. (Sabbah et al. 

2009). Alternative pathways have been suggested whereby NLRC2 activates NF-κB via 

TAK1 which controls the degradation of IκB (Correa, Milutinovic, and Reed 2012).  Thus, 

the end result of NLRC2 activation will be NF-κB activation and upregulation of IRFs 

similar to TLRs activation response. On the other hand, NLRX1 possess an RNA binding 

domain and acts as an immune system modulator by binding with mitochondrial MAVS 

and block RIG-I signalling, which is discussed later (Moore et al. 2008). This protein was 

thought to be a proinflammatory activator which up-regulates the production of reactive 

oxygen species (ROS) upon interacting with RNA ligands (Tattoli et al. 2008).  However, 
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there are also several studies which suggest the negative regulatory role of NLRX1 in 

several antiviral response pathways via its association with MAVS protein: upon LPS 

stimulation, NLRX1 dissociates from TRAF6 and binds with the IKK complex 

preventing its phosphorylation and NF-κB activation (Xia et al. 2011).  

 

NRL and viruses 

Apart from nucleic acid binding NLRs, several NLRs has been showed to have a vital 

role in antiviral response through other types of PAMPs. For example, NLRP3 which has 

been shown to be activated following infection with dsDNA (adenoviruses) and ssRNA 

(Sendai viruses).  Following activation, NLRP3 recruits apoptosis associated speck-like 

containing a CARD domain and pro-caspase-I to form an inflammasome complex 

(Jensen and Thomsen 2012). The complex then stimulates caspase-1 which catalyses the 

conversion of pro-IL-1b and pro-IL-18 to IL-1b and IL-18 respectively. These 

interleukins will further upregulate other cytokines leading to inflammatory responses 

that are believed to be protective in viral infections. The fact that these NLRs can be pro- 

and anti-inflammatory further illustrates that these receptors are very diverse in function. 

Although over 20 human NLR proteins that share structural similarities were identified 

(Ting et al. 2008), only a few have been characterised, and the physiological function of 

most NLRs remains poorly understood.    

 

2.4.2.2. RIG-I-like receptors 

Another family of unbound RNA sensors are known as the RIG-I-like receptors (RLRs) 

(Kowalinski et al. 2011). There are mainly three receptors in the RLR family: RIG-I, 

MDA5 and LGP2. The mechanism of RIG-I activation is the best understood. At resting 

state, RIG-I is in a conformation in which the CARD domain is closely associated with 

the repressor domain of the same protein thereby preventing the interaction with other 
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adaptor proteins such as IPS-1 (MAVS) found in the mitochondrial membrane. However, 

upon activation by RNA, the change of protein conformation allows the ubiquitination 

of the CARD domain causing the downstream pathway activation via IPS-1 that 

eventually leads to NF-κB activation and IRF upregulation (Zeng et al. 2010). It is worth 

mentioning that self-ssRNA like mRNA and tRNA are unable to active RIG-I receptors. 

This is due to post-transcriptional capping and the preferential binding of RIG-I to 5’ 

triphosphorylated RNA, a common motif found in viral RNA (Hornung et al. 2006). It 

was later confirmed that viral RNA alone is not enough to elicit RIG-I response, but 

additional PAMP motifs such as ribonucleotide composition and structural conformation 

are required for RIG-I binding (Saito et al. 2008).  

 

Viruses countermeasures to RLR and NLR  

In the earlier section (2.4.1. Membrane-bound sensors: Toll-like receptors), mechanisms 

developed by viruses to counteract the effects of TLR activation were discussed. Similarly, 

there are numerous examples of mechanisms in which viruses counteract the effect of 

antiviral response through unbound RNA sensors found in the cytosol. These measures 

can be broadly categorised in inhibiting the interaction of the nucleic acid with the 

cytosolic sensor or inhibiting the downstream signalling pathway following cytosolic PPR 

recognition. In this section, an overview of viral evasion mechanism against RLR and 

NLR will be discussed. 

 

Amongst mechanisms in which viruses can counteract the RLR signalling to prevent the 

recognition of cytosolic sensors to bind with nucleic acids, include: shielding nucleic acids 

away from their sensors, modifying the nucleic acid and cleaving of the PPRs using viral 

proteins. To prevent viral nucleic acid recognition by cytosolic protein sensors such as 

RIG-I, several viruses evolved their replication cycle in confined compartments during 
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the viral RNA replication cycle to prevent the recognition by RIG-I. Examples include 

DENV (flavivirus responsible for dengue fever) replication in the endoplasmic reticulum 

(Welsch et al. 2009), Hepatitis C Virus (HCV) replication in Golgi apparatus (Serafino et 

al. 2003)  and influenza A virus (IAV) replication in the nucleus (Samji 2009). As discussed 

earlier, RIG-I has a preferential binding to 5’ triphosphorylated RNA and is hence also 

exploited by viruses to circumvent RNA sensing. Several viruses from the Bornaviridae 

family synthesise phosphatases that modify 5’ triphosphate groups into 5’ 

monophosphate group, therefore preventing RIG-I activation (Habjan et al. 2008). 

 

The production of viral proteins that can interact and hence inhibit the activity of RIG-I 

are for examples: VP35 from EBOV (Cardenas et al. 2006), E3 from VACV (Valentine 

and Smith 2010) and NS1 from IAV (Hatada and Fukuda 1992) are proteins that can 

interact with viral RNA and prevent its binding the RNA sensors and subsequent trigger 

antiviral response. Interestingly, NS1 has also been shown to be involved in another 

evasion mechanism by interfering with the RIG-I protein itself. The inhibitory role of 

NS1 has been attributed to the obstruction of K-63 ubiquitylation of RIG-I which is 

required for downstream activation (Gack et al. 2009). While NS1 prevents RIG-I 

activation through obstructing K-63 ubiquitylation, ORF64 from KSHV achieves the 

same outcome through deubiquitylation of the same residue (Inn et al. 2011). Lastly, the 

removal of RLRs or proteins involved in RLR signalling such as IPS-1 through cleavage 

is also seen in some strains of viruses. For example, the viral proteinase 3Cpro from 

poliovirus (PV) promotes cleavage of RIG-I (Barral et al. 2009) while 2Apro from 

enterovirus (EV) cleaves targets MDA5 and ISP-1, thus preventing RLR signalling 

response (Feng et al. 2014).  
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Figure 2.7 – Viral counter-measures to nucleic acid sensing. Viruses have evolved counter-measures to 

overcome the responses by innate immune system following NA recognition. Some of these evasion 

mechanisms act directly at the NA sensor by inhibiting them or competing directly with the NA recognition 

site through viral proteins (pink boxes). On the other hand, other viral proteins may act downstream of 

NA sensing at adaptor proteins level such as MAVS, Myd88 or STING (blue boxes).  The overall effect is 

the prevention of inflammatory and interferon responses. 

 
The current knowledge of viral evasion mechanisms against NLR signalling is not as 

diverse. As the main function of NLR is to induce inflammasome activation, viral evasion 

mechanisms for NLR signalling usually targets either NLRs themselves or inflammasome 

activation rather than the nucleic acid. Viral protein NS1 from IAV, which is involved 

already in inhibiting RLR signalling pathway, has a secondary effect in reducing the 

production of two interleukins: IL-1b and IL-18 (Stasakova et al. 2005). A similar effect 

can be achieved by the V protein of Mink enteritis virus (MeV), which in turn interacts 

with NLRP3, inhibiting IL-1b secretion (Komune et al. 2011). On the other hand,  a 

study demonstrated that ORF63 from KSHV interferes with NLRP1, NLRP3 and 

NOD2 and inhibits caspase-1 activation and the conversion of pro-IL-1b and pro-IL-18 

to IL-1b and IL-18 (Gregory et al. 2011). 
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2.4.3. Cytosolic sensors (DNA sensors) 

A range of unbound cytosolic DNA sensors is responsible for detecting viral DNA 

present in the cytoplasm as well as misplaced DNA that should have been in the nucleus. 

Examples of these sensors include Interferon-inducible protein AIM2, DNA-dependent 

activator of IFN-regulatory factors (DAI), interferon-γ inducible protein 16 (IFI16), 

DEAD-Box Helicase 41 (DDX41), and cyclic GMP-AMP synthase (cGAS).  

 

The AIM2 protein is a well-established DNA sensor which leads to inflammasome 

response through the Myd88 pathway earlier discussed (Schroder, Muruve, and Tschopp 

2009). In contrast, the other four DNA sensors (DAI (Takaoka et al. 2007), IFI16 

(Almine et al. 2017), DDX41 (Z. Zhang et al. 2011) and cGAS (Lijun Sun et al. 2013)) 

have been proposed to activate the innate immune response via a novel DNA sensing 

pathway through the adaptor protein known as stimulator of IFN genes (STING). The 

adaptor protein is found in the endoplasmic reticulum and interacts with RIG-I and IPS-

1, believed to produce common signalling cascade leading to IFN upregulation and 

inflammatory responses (Xiao and Fitzgerald 2013). 

 

STING 

Despite several findings that DNA sensors are believed to trigger immune response via 

the STING pathway, cGAS has been suggested to be the main activator of STING. 

Studies have confirmed that the recognition of cytosolic dsDNA by cGAS leads to the 

production of cyclic guanosine monophosphate–adenosine monophosphate or cyclic 

[G(2',5')pA(3',5')p (cGAMP), that in turn activates the STING protein. The fact that 

cGAS can sense both viral and self DNA (Gao et al. 2015) suggest that this pathway is 

essential not only in pathogenic invasion (bacterial or viral) but also during certain 

pathological conditions, such as systemic lupus erythematosus (SLE) and autoimmune 
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disorder Aicardi-Goutieres Syndrome (AGS), where DNA is accumulated within the cell 

cytosol. Upon activation of cGAS, the production of cGAMP within the cytosolic space 

act as a secondary messenger that elicits a range of downstream pathways. In terms of 

antiviral response, the cGAMP produced upon the recognition of dsDNA will trigger 

STING protein activation. It is believed that once activated the dimerised STING protein 

will translocate from the endoplasmic reticulum to perinuclear microsomal compartments. 

During the translocation process, STING will go through the Golgi where Tank-binding 

kinase 1 (TBK1) protein will further phosphorylate STING at two positions. As a result, 

IRF3 is recruited and phosphorylated causing expression of pro-inflammatory genes such 

as IL-6 and TNFA. 

 

STING and viruses 

Several studies indicated a potential role of STING in antiviral response to RNA viruses, 

despite the fact that the mechanisms are poorly understood. For instance, studies have 

shown that cells with STING and cGAS deficiency facilitated replication of RNA viruses 

such as SeV and WNV; hence, a secondary role of cGAS and STING in restricting viral 

infection has been hypothesised (Franz et al. 2018).  

 

Other studies suggest that despite their ability to bind with cGAS, dsRNA is unable to 

trigger the production of cGAMP due to the structural differences of dsRNA and 

dsDNA (X. Zhang et al. 2014).  Subsequent experiments show that cGAS knock out cells 

did not affect IFN production (X.-D. Li et al. 2013). In contrast, it has been verified that 

STING is required for full IFN production in response induced by enveloped RNA 

viruses such as Influenza A virus (Holm et al. 2016). These results converge to a 

hypothesis that RNA viruses are able to activate STING pathway leading to IFN response 

via cGAS independent manner, also known as the non-canonical STING activation.  
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Apart from the canonical pathway of cGAS/STING activation, STING protein can also 

be activated through a non-canonical route. Bacterial cyclic dinucleotides (CDNs) share 

a very similar structure with cGAMP and has been showed to activate STING-dependent 

response. Bacterial CDNs act as secondary messenger molecules important in several 

bacterial cellular processes. Despite having a lower affinity to STING compared to 

cGAMP produced by cGAS, these CDNs can be recognised by the STING protein and 

cause a downstream effect (McFarland et al. 2017). For example, C-di-AMP has been 

demonstrated to activate a STING-dependent type I interferon response following 

bacterial infection of Mycobacterium tuberculosis (Dey et al. 2015). 

 

The role of STING in RNA sensing is further highlighted by the ability of STING to 

interact directly with RIG-I and MAVS, two central proteins involved in RNA sensing 

that has been described in earlier (2.4.2.2. RIG-I-like receptors). Reports from studies 

with Japanese encephalitis virus suggested that RIG-I recruits STING to initiate antiviral 

response upon recognition of the viral ssRNA. On the other hand, crosstalk between 

RIG-I and STING is also possible through reverse transcription process during infection 

with retroviruses.  As viral RNA is converted to DNA by reverse transcriptase, cGAS is 

able to bind with the resulting DNA and initiate the cascade of events leading to STING 

activation and subsequent antiviral response (Doitsh and Greene 2016). As with RNA 

triggering STING pathway, DNA is also able to trigger RIG-I response via similar 

mechanism. Crosstalk through RNA polymerase (detecting DNA by converting to RNA) 

is also possible. The presence of RNA polymerase (pol) III in the cytoplasm was shown 

to be able to act as a DNA sensor which in turn transcribes the DNA into RNA allowing 

RNA sensors such as RIG-I to trigger antiviral response (Chiu, Macmillan, and Chen 

2009). In summary, RNA pol III acts as the bridge which allows DNA found in the 
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cytoplasm to trigger RNA antiviral response through the RIG-I pathway. In contrast, 

reverse transcriptase allows viral RNA in the cytosol to be sensed by DNA sensors 

leading to STING response. The fact that there is an interplay between the two systems 

through RNA polymerase or RNA reverse transcriptase suggests a dual nucleic acid 

sensing system which could act as a backup pathway when one of the pathways is 

hindered. It also highlights the fact that the implications of DNA and RNA sensing must 

be considered together.  

 

Viruses counteraction to cGAS/STING 

The cGAS/STING pathway plays a central role in antiviral responses; therefore, many 

viral proteins were evolved to counteract its function. These viral evasion mechanisms 

can be divided by those targeting the DNA sensors (e.g., cGAS, DAI and IFI16), and 

those targeting the STING protein, or other downstream adaptor proteins required in 

DNA sensing. A well-known example is ORF52 protein from viruses of the 

Herpesviridae family which inhibits the enzymatic activity of cGAS  (Wu et al. 2015) as 

suggested in figure 2.7. Another approach used by DENV is the expression of NS2-B 

protein which targets cGAS for lysosomal degradation (Aguirre et al. 2017). Other 

STING-activating DNA sensors (such as IFI16) have also been shown to be targets of 

viral proteins. During HCMV infection, pUL83 produced by the virus has been shown 

to inhibit IFI16 through the interaction with its pyrin domain, thus preventing its 

activation upon DNA recognition (T. Li, Chen, and Cristea 2013). Another example is 

the ICP0 from HSV-1, which has the ability to promote IFI16 degradation through 

ubiquitination and proteasomal degradation (Orzalli, DeLuca, and Knipe 2012). Some 

viral proteins, such as UL41 from HSV-1, is able to cause degradation of multiple DNA 

sensors at once, both mRNAs of cGAS and IFI16 is degraded through the RNase activity 

of UL41 (Su and Zheng 2017). 
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There are many known viral proteins targeting STING directly, or through one of its 

adaptor proteins, thus achieving inhibition of IRF3 responses following a viral infection. 

The viral protein E1A and E7, from Human adenovirus 5 (hAd5) and Human 

papillomavirus strain 18 (HPV18) respectively, have been suggested to block STING 

signalling through direct binding. Both proteins were shown to inhibit cGAS-STING 

pathway through a LXCXE motif which also inhibits retinoblastoma (Rb) tumour 

suppressor pathway, an important cellular pathway in cancer biology and cellular 

senescence which will be briefly discussed in later paragraphs (Lau et al. 2015).  

 

Some viral proteins (e.g. the PLP2-TM and PLpro-TM from HCoV-NL63 and SARS-

CoV) can disrupt STING dimerisation which is vital for its activation (Li Sun et al. 2012). 

Other viral proteins may target STING through the inhibition of K-63 polyubiquitination 

also required for STING activation, such as Pol from Hepatitis B virus (HBV) (Yinghui 

Liu et al. 2015) and PLP2 from Porcine epidemic diarrhea virus (PEDV) (Xing et al. 2013).  

Lastly, inhibition of STING pathway is also possible through its disruption with TBK1 

as achieved by vIRF1 from Kaposi's sarcoma-associated herpesvirus (KSVH) (Ma et al. 

2015).  

 

2.4.4. Crosstalk between pathways 

All discussed cases of nucleic acid recognition share the similar outcomes in antiviral 

response which can be broadly divided into NF-κB activation and the upregulation of 

interferon genes. It is therefore not surprising to believe that there are cross-talks between 

the different nucleic acid sensing pathways.  In fact, PRRs do not act alone during a viral 

invasion. Apart from the discussed STING and RIG-I crosstalk, several other crosstalks 

has been identified between PPRs.  
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The interaction between RLRs and NLRs is another example: NLRC5 is able to interact 

with RIG-I and MDA5 leading to a compromised NF-κB and IFN responses (Cui et al. 

2010). It has also been demonstrated that the NLRC5 overexpression results in impaired 

influenza virus replication due to its stabilising effect for RIG-I which in turn upregulates 

downstream IFN responses (Ranjan et al. 2015)  Likewise, NLRX1 has been revealed to 

have an inhibitory role of the IPS-1 downstream pathway (Moore et al. 2008) during 

hepatitis C viral infection. It has been demonstrated that NLRX1 promotes IPS-1 

proteasomal degradation through K48-linked polyubiquitination. Since both RIG-I and 

MDA5 rely on IPS-1 for the downstream antiviral pathway, IPS-1 deficiency caused by 

NLRX1 would cause a complete shutdown of the RLR pathway despite the recognition 

of viral RNA (Qin et al. 2017).  

 

Crosstalk between RLRs and TLRs has also been demonstrated to be important in WNV 

recognition. At the first stages of infection, local inflammatory responses are mediated by 

RLR signalling to confine viral infection locally. As viral spread to the lymph nodes, 

further activation of antiviral response in immune cells is mediated not only by RLRs but 

also TLRs, which further amplifies the antiviral response leading to cytokine production. 

Thus, despite the fact that  WNV is first sensed by the innate system via RLR pathways, 

the TLRs has a secondary role in activating specific cytokines regulating the adaptive 

immune response (Pasare and Medzhitov 2005). 

 

2.5. Manipulating NA sensing  

It is evident that cellular defence mechanisms are extremely complex while viruses have 

developed sophisticated evasion methods to counteract them. These mechanisms became 

valuable approaches that inspired researchers to find new solutions to treat diseases and 

conditions. Examples of how nucleic acid sensing pathways are manipulated for clinical 
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purposes are discussed in this last section of the review. There are two approaches that 

nucleic acid sensing can be exploited for clinical purposes. The first one is to deliberately 

activate nucleic acid sensing pathways in order to activate the  immune system to attack 

and clear diseased or cancerous cells. On the other hand, an opposite approach can be 

employed to treat conditions with sustained activation of nucleic acid sensing leading to 

a pathological condition. Lastly, the effect of nucleic acid sensing and gene therapy, and 

whether the manipulation of the sensing pathways can modulate the efficacy of gene 

therapy, needs to be explored. 

 

2.5.1. Activating NA sensing  

In the past decade, numerous studies have exploited the nucleic acid sensing machinery 

to stimulate both innate and adaptive immune response as an approach for therapeutic 

purposes, ranging from cancer, viral/bacterial infections as well as autoimmune diseases 

(Ulevitch 2004). As discussed in earlier (sections 2.4.1. to 2.4.3.), the stimulation of the 

innate response would produce a range of interferon and inflammatory responses which 

can be exploited to restrain tumour growth. In some cases, the innate response in tumour 

cells would also be able to trigger cell death, leading to tumour eradication. In contrast, 

the activation of the adaptive immune response can also play a crucial role in cancer 

immunotherapy. These therapies use modulating compounds alone, or in combination 

with other active ingredients, to target TLR, RIG-I or cGAS/STING pathway and several 

of them have been patented and are under clinical trials.   

 

Imiquimod (also known as R-837) is a TLR7 agonist with broad clinical interest. The 

compound has long been approved for genital wart and actinic keratosis treatment. Apart 

from its pro-inflammatory effect activation of TLR7 has also been confirmed to reverse 

the suppressive function of regulatory T cells (O’Neill, Bryant, and Doyle 2009). 
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Furthermore, imiquimod has also been shown to inhibit tumour growth as well as induce 

apoptosis in oral squamous carcinoma cells through mitochondria-dependent pathway 

(M.-Y. Ahn et al. 2012). On the other hand, TLR9 activation has been suggested to 

enhance anti-tumour T-cell response (Krieg 2008). Thus, the TLR9 agonist IMO-2055 

and other similar molecules are currently under investigation as a combination therapy 

for non-small cell lung carcinoma and colorectal cancer (D. A. Smith et al. 2014). 

 

The activation of RLR signalling pathway upregulates interferon production which in turn 

can induce apoptosis. Hence, inducing RLR response in tumour cells through RIG-I 

agonists can be used as an approach for anti-cancer therapy as an alternative to 

conventional chemotherapy or radiotherapy. In addition to its anti-tumour ability, the 

fact that RIG-I recognition of RNA is sequence independent means that 5’ppp siRNA 

can have a double effect on anti-cancer therapy. The 5’ppp-siRNA for TGF-b has been 

shown to have potent anti-tumour activity against pancreatic cancer via two separate 

mechanisms: firstly, the activation of RLR pathway triggering anti-tumour immunity and 

apoptosis stimulation via T cells and NK cells activation, and secondly, the silencing of 

tumour associated TGF-b levels (Ellermeier et al. 2013). The same approach can be used 

for oncogenic or immunosuppressive targets as well as targeting RLR pathway through 

MDA5. Moreover, tumour cells have been suggested to be very sensitive to apoptosis 

induced by the RLR, while non-cancer cells possess the Bcl-xL pathway that prevents 

RLR induced apoptosis, suggesting that the RLR agonists can lead to tumour-specific 

apoptosis (Besch et al. 2009). More recently, another RIG-I agonist known as acitretin 

has been confirmed to be beneficial in eliminating cells with latent HIV reservoir through 

preferential apoptosis of HIV-infected cells (P. Li et al. 2016). 
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The role of cGAS/STING pathway in cancer progression has emerged in recent years. 

Evidence suggest that cytosolic DNA found in cancer cells would trigger downstream 

IFN responses and restrain cancer development (Gresser and Belardelli 2002).  Hence, 

the cGAS/STING pathway must be compromised in order for cancer cells to survive 

and grow into a tumour. Several mechanisms have been proposed in which cancer cells 

halt the nucleic acid sensing pathway, including the downregulation of cGAS or STING 

expression and the deficient translocation of the STING protein to the Golgi, its site of 

action. HeLa cells, which are derived from cervical cancer cells, serves as an example of 

having a hindered cGAS/STING pathway. One of the most common strains causing 

cervical cancer is the HPV18 virus. The virus encodes for several oncogenes including 

E7 which was shown to be able to block cGAS-STING pathway when introduced to 

primary cells (Lau et al. 2015). As a result, the reactivation of the cGAS/STING pathway 

has been proposed as an approach for anti-tumour therapy. Some conventional cancer 

therapies, including chemotherapy and radiotherapy, have been suggested to partly 

activate the cGAS/STING pathway due to their side effects leading to DNA damage and 

cytosolic leakage in target cells (J. Ahn et al. 2014). The STING activator 

dimethyloxoxanthenyl acetic acid (DMXAA) is also demonstrated to reduce the tumour 

growth rate in lung adenocarcinoma models in mice, a further proof that the 

cGAS/STING pathway could be exploited as an anti-cancer strategy (Roberts, Ching, 

and Vogel 2008). Despite the fact that data from clinical trials did not meet expectations, 

due to the minimal effects that DMXAA had on human STING protein, they sparked 

the race for development in STING agonists for clinical use (Conlon et al. 2013). Among 

the different types of STING agonists, cyclic dinucleotides showed promising tumour 

regression in several cancer models such as lymphomas (Sallets et al. 2018), melanomas 

(Demaria et al. 2015) and pancreatic cancer (Baird et al. 2016).  
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Although cGAS/STING agonists had become a highly discussed potential candidate for 

cancer therapy, there has been emerging data that suggest the pro-tumour role of 

cGAS/STING pathway in some cases of cancer. In fact, chronic inflammation, which is 

one of the effects of cGAS/STING pathway activation, has been previously reported to 

be involved in tumour initiation, development and metastasis (Rajput and Wilber 2010). 

For example, the STING activation has been correlated with tumour growth in Lewis 

lung carcinoma mouse model (Lemos et al. 2016). On the other hand, evidence also 

suggests that cGAMP could be transferred from tumour cells to astrocytes and activate 

the STING pathway of the latter while promoting brain metastasis (Q. Chen et al. 2016). 

 

In summary, the cGAS/STING pathway may have a dual effect on cancer progression. 

Thus, cancer therapeutics must find a compromise between anti-tumour activity and the 

inflammatory response that can promote tumour growth.   

 

2.5.2. Inhibiting NA sensing  

In contrast to therapies based on activating nucleic acid sensing pathways, the inhibition 

of these sensing pathways might be beneficial in the treatment of certain conditions. One 

clear example would be in autoimmune diseases whereby the accumulation of intracellular 

self-nucleic acids is constitutively recognised by the innate immune system or mutations 

in nucleic acid sensors as suggested in figure 2.8. This can cause 

prolonged/hyperactivation of the pathways in the absence of ligands that is usually 

required for the constant production of type I interferon response (also known as type I 

interferonopathies) and inflammatory responses (Lee-Kirsch 2017). 

 

Despite several mechanisms to prevent the recognition of self-nucleic acids in place, the 

accumulation of intracellular nucleic acids may be possible under specific pathological 
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conditions. The accumulation can be a result of the inefficient clearing of ligands for 

nucleic acid sensing pathways or downregulation/dysfunctional intracellular nucleases. 

An example of such disorder is systemic lupus erythematosus (SLE), which is 

characterised by defects in the clearing of apoptotic cells. The cellular debris would 

accumulate due to the inefficient removal which then leads to the release of compounds 

such as nucleic acids, representing DAMPs that could potentiate inflammation and trigger 

TLR signalling pathway (Rahman and Eisenberg 2006). In fact, DNAse I deficiency have 

been associated with the development of lupus(Kenny et al. 2019). It is not surprising 

that uncleared nucleic acids may function as TLR ligands. Other types of TLR have been 

shown to be involved in lupus development, from TLRs not associated with nucleic acid 

recognition to TLR3,7,8 and 9. Several compounds that inhibit TLR signalling through 

binding with TLR7/9 have since been investigated for the reduction in IFN responses 

for SLE therapy and is currently in clinical trials (Barrat et al. 2007). 

 

In addition to SLE, AGS has been associated with mutations in the gene encoding for 

the DNA exonuclease Trex1, which targets both ssDNA and dsDNA. (Crow et al. 2006). 

In Trex1 deficient mouse, the accumulation of cytosolic DNA would lead to constitutive 

activation of the cGAS/STING pathway, leading to a chronic inflammation status (Gray 

et al. 2015). The same protein has also been suggested to have an active role in preventing 

lupus-like immune disorder, which is also characterised by chronic interferon response 

and inflammation (Grieves et al. 2015). As these disorders converge into activating 

cGAS/STING pathway, cGAS inhibitors have been explored as potential candidates for 

AGS and lupus therapy (An et al. 2018).  

 

Apart from mutations in Trex1, autoimmune diseases have been associated with 

activating mutations in STING protein. A gain-of-function mutation in the STING 
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encoding gene, TMEM173, has been linked to an autoimmune condition exhibiting 

lupus-like symptoms (Jeremiah et al. 2014). On the other hand, other heterozygous 

activating mutations have been shown to cause other autoimmune conditions exhibiting 

cutaneous vasculopathy and pulmonary inflammation (Yin Liu et al. 2014). Other gain-

of-function mutations have been identified in RLR signalling pathways. For example, the 

mutation in IFIH1 gene that encodes for the MDA5 has also been associated with AGS 

(Rice et al. 2014), while mutations in DDX58 gene which encodes for RIG-I showed 

correlations with the multi-system disorder Singleton-Merten syndrome (Jang et al. 2015). 

These gain-of-function mutations allow a constitutive activation of cGAS/STING or 

RLR signalling pathway in the absence of their ligands. Alternatively, these mutations can 

decrease in some cases the threshold of nucleic acid required to activate the pathways, 

thus leading to interferon and inflammatory responses seen in a broad range of 

pathological outcomes.  

 

 

Figure 2.8 – Inhibiting NA sensing for therapeutic purposes. Some conditions such as systemic lupus 

erythematosus (SLE) and Aicardi goutieres syndrome (AGS) show inefficient clearing of nucleic acids 

which leads to accumulation and activation of TLRs and cGAS. On the other hand, gain-of-function 

mutations may also lead to the constitutive activation of antiviral sensing pathways including RLR and 

STING leading to a constant production of type I interferon and inflammatory responses. Hence, antiviral 

response inhibitors targeting the NA sensors have been explored as potential candidates for therapy. 
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2.5.3. Nucleic acid sensing and gene delivery 

As discussed so far, nucleic acid sensing pathways pose an obstacle for viruses which have 

evolved to deliver their genetic material with the aims to infect the host. These nucleic 

acid sensing pathways are part of the innate immune system of the host and act as a 

barrier to prevent the expression of non-self nucleic acids regardless of its origin. 

Therefore, nucleic acids delivered by both viral or non-viral vectors would trigger the 

downstream responses such as NF-κB activation, inflammation and the release of 

cytokines. As discussed in earlier paragraphs, viruses (and viral vectors) possess various 

evasion mechanisms which could counteract and inhibit nucleic acid sensing pathways, 

hence it is not surprising that there would be a high transfection efficacy of genes 

delivered by viral vectors onto in-vitro systems. In contrast, despite delivering nucleic 

acids into the cells, non-viral vectors would have to overcome the challenges that nucleic 

acid brings. Therefore, according to all available evidence regarding nucleic acid sensing 

and gene transfer, a hypothesis can be devised: the lack of evasion mechanisms to 

circumvent nucleic acid sensing within the cell could limit the efficacy of non-viral vectors 

in gene delivery for therapeutic purposes.  

 

Recent studies involving the transfer of nucleic acids are also consistent with this 

hypothesis. For example, the delivery of pDNA into C2C12 mouse myoblasts through 

electroporation have been shown to trigger nucleic acid sensing through PRRs leading to 

the upregulation of type I interferon responses (Semenova et al. 2018). Another example 

of innate response can be demonstrated during CRISPR-Cas9 genome editing. During 

the editing process, a guide RNA must be introduced, and it has been shown that these 

RNA guides would be recognised by RIG-I pathway in the cytosol triggering interferon 

responses (Weinert et al. 2018).  
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Numerous reviews and studies established the role of viral vectors in triggering innate 

immune responses. However, the focus of these studies is very often limited to the actual 

viral particle such as the capsid or viral proteins that cause the activation of the immune 

system rather than the nucleic acid triggering a response. But since viruses and viral 

vectors possess evasion mechanisms to bypass nucleic acid sensing, it is not surprising 

that these vectors are able to transfect cells efficiently. 

 

In contrast, the efficacy of non-viral vectors in gene transfer remains debatable. There 

are some differences in transfection efficiencies across the range of delivery agents which 

can be explained by variation in entry and delivery mechanisms. More interestingly, there 

is even a greater discrepancy in transfection efficacy across different cell lines to which is 

not very well understood.  

 

Discrepancy in cellular transfection across different cell lines 

Some cells, notably most cell lines, are particularly easy to be transfected, whereas others, 

such as primary cells, show very low transfection rates. The fact that some cell types were 

difficult to transfect led to the discovery of improved formulations of delivery agents for 

these cells. Very often, these newer formulations of transfection reagents came at the 

expense of higher toxicity to cells (Lv et al. 2006). Numerous studies have been done to 

optimise different types of transfection agents to improve efficacy in hard-to-transfect 

cell types. Unfortunately, little has been done to understand the biochemical processes 

that explore the reasons behind the discrepancy in transfection efficacy across different 

types of cells.  

 

Upon comparing the repertoire of cells that are easy to transfect, it is evident that cancer 

cell lines such as HeLa, FaDu, A549 and immortalised cells lines such as HEK293T are 
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easy to transfect and show good transfection efficiencies. In contrast, primary cells such 

as HDFs or immune cells like THP1 are very difficult to transfect.  

 

A possible explanation for such a difference may lie in the absence of the nucleic acid 

sensing pathways. In most of the cases, the nucleic acid pathways are either missing or 

compromised (Sokolowska and Nowis 2017): HeLa cells are one of the most common 

cancer cell lines used in cellular research to understand biological pathways. HeLa cells 

were harvested from cervical cancer cells caused by HPV18 viral infection. During 

infection, the viral protein E7 had an inhibitory effect on STING pathway through direct 

binding with the protein. This would explain the observation on DNA was not able to 

trigger any IFN responses which are downstream to the cGAS/STING pathway (Lau et 

al. 2015).  Similarly, the same group also tested HEK293 cells and found comparable 

results. HEK293 was transformed from human embryonic kidney cells using Human 

adenovirus 5 (hAd5) was employed during the immortalisation process turning the cells 

into a non-primary cell line. Similar to the HPV18 virus, one of the oncogenes expressed 

by hAd5 encodes for E1A which disrupts cGAS-STING pathway in the same way E7 

inhibits the STING pathway.  

 

Other cells that are known to be easier to transfect include FaDu and A549 cell lines. 

Both of them are extracted from carcinoma tumours and have hindered p53 pathway that, 

together with the Rb pathway, control cellular responses to oncogenic stimuli (Campisi 

2003). Although there is still no direct evidence about the response in the cGAS-STING 

pathway on these cell types, it is highly probable that the inactivation of the p53/Rb 

pathway in these cells would also inhibit the cGAS-STING sensing mechanism. 
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When looking at the other spectrum of cells harder to transfect, such primary HDF cells 

and monocytic THP1 cells, these possess fully functional cGAS-STING pathway. With 

respect to that, some studies explored the effect of inhibiting the innate immune system 

in gene transfer and transfection efficiency. Despite not targeting the specific nucleic acid 

sensing pathways directly, they have shown that the knocking down of genes involved in 

the interferon response would lead to improving RNA transfection efficiency in primary 

human fibroblasts (Angel and Yanik 2010). On the other hand, suppressing the immune 

system for DNA transfection has also been investigated. A patented formulation of innate 

immune system inhibitors made up of antibodies and antagonists has been shown to 

improve DNA transfection efficiency via gene electrotransfer in B16 melanoma cells 

(Bosnjak et al. 2018). Although these examples of improving transfection efficiency do 

not target specific nucleic acid sensing pathways, these approaches serve as a proof of 

concept whereby manipulation of the innate immune system could be beneficial in nucleic 

acid delivery and transfection efficiencies. More recently, a preprint study demonstrated 

that the inhibition of key components of the innate response system such as NF-κB, 

TBK1 and TLR9 towards DNA sensing was able to increase transgene expression 

(Spivack et al. n.d.). Attempts have also been made to modify nucleic acids so that these 

can no longer activate nucleic acid sensors. As discussed earlier, the recognition of RNA 

by RLRs relies on the 5’ppp end of the RNA; hence, some studies have shielded this 

region using a synthetic anti-reverse cap analogue. The resulting outcome suggested that 

the shielding the 5’ppp induced a 5-fold increase of luciferase mRNA expression 

(Grudzien-Nogalska et al. 2007). 

 

2.6. Conclusion and final remarks 

The process of gene transfer can be found unanimously in both prokaryotes and 

eukaryotes. With the greater understanding of how genes can be manipulated and cause 
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expression of proteins of interest in cells, efforts have been made to translate the concept 

of gene transfer into the laboratory setting. Among the different mechanisms of gene 

transfer in nature, viruses have become one of the best objects of study due to their 

evolutionary purpose. These protein particles have emerged as gene transfer vehicles and 

remain good study models in aspects such as cellular entry and the escape into the cytosol. 

On the other hand, the improved knowledge in nucleic acid sensing pathways by the 

innate immune system, as well as the countermeasures viruses possess has identified 

potential cellular pathways to be targeted for clinical purposes such as cancer 

immunotherapy and therapeutics for autoimmune disorders. More recently, the innate 

nucleic acid sensing mechanism has also been explored as a possible obstacle for gene 

delivery for therapeutic purposes. Such mechanism not only poses a barrier to the efficacy 

of viral-based gene delivery system, but it constitutes a greater challenge for non-viral 

delivery systems which does not have countermeasures against nucleic acid sensing.  
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Chapter 3 

Materials and methods 
 
3.1 Cell culture 

Hypopharyngeal carcinoma cells, FaDu (cat# HTB43), human embryonic kidney 293T 

cells, HEK293T (cat# CRL-3216), Primary human dermal fibroblasts, HDF (cat# PCS-

201-012) cells and acute moncytic leukemia monocytes, THP1 (cat# TIB-202) cells were 

purchased from ATCC. FaDu, HEK293T and HDF cells were cultured and maintained 

in Dulbecco’s Modified Eagle Media, DMEM (cat# D5796) from Sigma supplemented 

with 10% FBS, 100 IU/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine as well 

as 1 µg/ml fungizone. THP1 cells were cultured and maintained in Roswell Park 

Memorial Institute 1640, RPMI1640 (cat# R7388) from Sigma supplemented with the 

same supplements. The monocytes were differentiated into macrophages via phorbol 12-

myristate 13-acetate (PMA) for 48 hours at 15 ng/ml before any experimental procedure.  

 

Cell subculturing: When cells reach 80% confluency, they were split. Adherent cells were 

washed with PBS and detached by incubating with Trypsin-EDTA (cat# 25200056) from 

Thermo Fisher. Trypsin-EDTA was inactivated by the addition of growth media. The 

suspension was centrifuged at 200 x g for 5 mins. The supernatant was discarded, and 

pellet was resuspended cell counting was performed with trypan blue solution (cat# 
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T8154) from Sigma using TC20 Automated cell counter from Biorad. The cells were 

diluted to appropriate seeding density and placed in new culture vessel. 

 

3.2. Plasmid DNA and delivery systems 

Materials: Plasmid DNA encoding for R-pre-GFP (cat# 17274) was purchased from 

Addgene. Lipofectamine® 2000 Transfection Reagent (cat# 11668019) was purchased 

from ThermoFisher Scientific (will be referred as Lipofectamine) and jetPEI® (cat# 

101-10N) was purchased from Polyplus transfection®. 

 

Protocol: Lipofectamine and DNA to be delivered were diluted in Opti-MEM media to 

a suitable concentration. Diluted lipofectamine was added into diluted DNA. The ratio 

between lipofectamine and DNA was 2 µg of DNA to 1µg of DNA. The solution was 

left for 5 minutes at room temperature to allow the formation of the lipoplexes. Suitable 

amount of growth medium was added (eg. 2 ml was added per well in 6-well plates) before 

incubating with cells that were previously seeded. A similar protocol was used in the 

preparation of jetPEI transfection media: jetPEI and DNA to be delivered were diluted 

in NaCl solution at suitable concentrations. Diluted jetPEI was added into diluted DNA 

with the same ratio of 2 µg of jetPEI to 1µg of DNA. The solution was left for at least 

10 minutes at room temperature before the addition of growth medium. Resulting 

solution was incubated with cells that were previously seeded. 

 

Polymersomes on the other hand were formed in-house via 2 different methods. For 

encapsulation of DNA FRET probes, polymersomes were synthesised via film hydration 

before being loaded with pDNA via electroporation. For encapsulation of pDNA used 

in antiviral response studies, polymersomes were synthesised via pH switch, and pDNA 

was added during polymersome formation. 
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3.3. Polymersome formation: Film hydration protocol 

Materials: chloroform (cat# C/4966/17); methanol (cat# M/4056/PB17) and sodium 

hydroxide, NaOH (cat# 10675692) were purchased from Fisher Chemicals. 0.22 µm 

syringe filters, PVDF (cat# E4780-1221) purchased from Starlab. Dulbecco’s Phosphate 

Buffered Saline, dPBS (cat# D1408-6X500ML); Sepharose 4B (cat# 4B200-1L); 

Hydrochloric acid, HCl (cat# 30721-2.5L-M) were purchased from Sigma.  

 

PMPC25–PDPA70 copolymers synthesised in house by Dr. Poma (hereinafter referred to 

as PMPC-PDPA) were dissolved into an organic solution of 2:1 chloroform: methanol in 

a cylindrical glass vial forming a 10 mg/ml solution. Once all copolymer was dissolved, 

the solution was filtered through a syringe filter into a sterile glass vial. The vial was then 

placed into a vacuum oven (Heraeus Vacuum by ThermoScientific) allowing the solution 

to evaporate in sterile conditions overnight at 38oC and 0 bar pressure. As result, a thin 

film of copolymer will form on the walls of the vial. A stirring bar was added at this point, 

and rehydration of the copolymer film is performed using PBS solution of 150 mM. The 

vial was then placed into stirring plate and allowed to stir for at least 6 weeks. 

 

After 6 weeks of continuous stirring, the polymersome solution is characterised using 

dynamic light scattering (DLS) (Zetasizer Nano-ZS by Malvern Instruments) to estimate 

polydispersity and size average of nanoparticles present in the solution in order to decide 

whether or not longer stirring time is required. If the nanoparticles are ready to be purified, 

the solution is placed into sonicator bath (Branson 150) for 10 minutes to create a 

uniform single vesicle suspension followed by a light centrifuge at 1000 x g for 10 minutes 

to remove bulky structures. The supernatant after centrifugation is collected and purified 

through preparative gel permeation chromatography using sepharose 4B size exclusion 

column with PBS as eluent. The purified fraction is characterised again using DLS to 
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access uniformity and size of the PMPC-PDPA polymersome formed and stored at 4oC–

8oC for later use. The resulting PMPC-PDPA polymersomes were scanned with 

transmission electron microscope by Dr Ruiz-Perez (Jeol 200kV TEM) to confirm shape 

and morphology. Lastly, concentration of the PMPC-PDPA polymersome formed is 

determined using UV-visible spectroscopy (Jasco V-630 Spectrophotometer) at 217nm 

absorbance.  

 

Encapsulation of nucleic acids was achieved by electroporation, 35 µl of 5 µM nucleic 

acid probes were added into 765µl of purified and characterised polymersome solution 

and electroporated with 5 pulses at 2500V and resting 30 seconds between each pulse 

using Eppendorf Electroporator 2510. After the final pulse, the solution is left to rest for 

at least 30 minutes to allow the temporary pores to close before purification by sepharose 

4B column again. High-pressure liquid chromatography (HPLC) integrated to a UV-VIS 

and fluorimeter was used to confirm encapsulation of nucleic acids (Dionex Multimate 

3000).  Gradient elution chromatography was run using an 18C column (Phenomenex) 

with a gradient of 5% to 100% methanol in the presence of 0.05% TFA as mobile phase. 

The samples will have been diluted in pH2 PBS to prevent polymersomes clogging the 

column. Concentration of purified polymersome was determined again with UV-visible 

spectroscopy at 217nm whereas the concentration of encapsulated material was 

determined using fluorimeter exciting at 488nm and detecting at 520nm. 

 

3.4. Polymersome formation: pH switch protocol 

 PMPC-PDPA were dissolved into pH2 PBS to form a 10mg/ml solution and filtered 

through a syringe filters into a sterile glass vial. The solution is stirred while monitoring 

the pH using a pH meter. The pH is then raised slowly by the addition of 0.5M NaOH 

using a syringe pump at a constant speed of 2ul/min. At pH 6, 200ug of pDNA was 
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added into the solution. The addition of NaOH continues until the solution reaches pH 

7.2. Purification and quantification of polymersomes were performed as described in film 

hydration protocol (Section 3.3 Polymersome formation: Film hydration protocol). 

Quantification of pDNA was calculated through with UV-visible spectroscopy 

absorbance at 260nm and 320nm. 

 

 3.5 Delivery and DNA integrity experiments (Chapter 4) 

 3.5.1. DNA FRET pair probes 

Two FRET pair DNA probes were used throughout chapter 4 – Delivery and DNA 

integrity for the investigation of DNA stability following delivery by Lipofectamine, 

jetPEI and polymersomes. These probes were custom made and purchased from IDT 

Integrated DNA technologies. The FRET pair will be referred as “Negative FRET pair” 

and “Positive FRET pair” and the sequence and modifications are shown in the table 3.1. 

 

Table 3.1 – Sequence and modifications of DNA probes used 

 

  

  5' 
modification 

DNA sequence (5' to 3') 3' 
modification 

length 
(bp) 

MW 
(kDa) 

Negative 
FRET probe 

Cy3 TAG CGT TTT TTT 
TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT 
TTC GCTA 

BHQ2 49 15.8 

Positive 
FRET probe 

- TAA CCT ACC CCG 
ACC CCC ATT ATT 
ATT ATC CGC CAC AT 

ATTO488 38 12.2 

ATTO647N ATG TGG CGG ATA 
ATA ATA ATG GGG 
GTC GGG GTA GGT 
TA 

- 38 13.4 
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Negative FRET probe has a hairpin structure whereby a Cy3 fluorophore and a black 

hole quencher 2 (BHQ2) is attached on each end. On the other hand, the positive FRET 

probe is composed of two complementary DNA strands with ATTO488 and 

ATTO647N fluorophore attached to each. Since the positive FRET probe was obtained 

in separated strands, before each study, the components were annealed together in the 

following protocol: the components of each probe were added into a PCR tube and 

heated up to 95oC for 5min to allow melting of any self-annealed parts in each strand 

followed by a gradual decrease of 10oC at 1oC per second rate and allowed to rest for 30 

seconds until it reaches 5oC to allow gradual annealing of strands using BIOER, Lifepro 

thermal cycler. The annealed positive FRET probe is then stored at 4oC for later use. 

 

3.5.2. Optimization steps for negative FRET probe studies 

3.5.2.1. Negative FRET Probe degradation studies 

Negative FRET probe was diluted in PBS to a final concentration of 300 ng/ml and 

fluorescence measured using Varian Cary Eclipse fluorescence spectrophotometer. 

Excitation wavelength was set at 488nm and detection at 500nm before and after addition 

of 1M NaOH to raise from pH7 to pH12. 

 

3.5.2.2. Negative FRET probe stability studies (via fluorimeter) 

Similar to probe degradation studies, negative FRETpair probe was diluted in PBS to a 

final concentration of 100 ng/ml. Before electroporation, the negative FRET probe was 

excited at 488nm and fluorescence was measured at 500nm. The probe was challenged 

with 1, 5, 10 and 15 pulses at 2500V using Eppendorf Electroporator 2510. PBS blank 

was used.  
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3.5.2.3. Negative FRET probe stability studies (via gel electrophoresis) 

Agarose gel for electrophoresis was made by heating up agarose with 1x TAE buffer at 

3% (w/v) with 0.5 µg/ml ethidium bromide and allowed to cool down slowly. Within 

each well, 0.15µg of negative FRET probe was challenged with different number of pulses 

up until 15 pulses at 2500V using Eppendorf Electroporator 2510. Low range DNA 

ladder was added for control purposes. Electrophoresis is run at 80V for 70 minutes using 

Biorad, Power Pac HC. The gel was visualized under UV lamp. 

 

3.5.3. Negative FRET probe cell delivery 

Approximately 30,000 HEK293T cells were seeded in 35mm glass-bottom dishes (from 

Ibidi) 1 day before confocal microscopy experiments. The control group was treated with 

300ng/ml of negative FRET probe in antibiotic-free growth medium. Whereas the 

treatment group would have been treated with 300ng/ml of encapsulated DNA probe in 

PMPC-PDPA polymersomes in antibiotic-free medium. At the end of the treatment (1, 

2, 3, 4, 6, 17 hours), the plasma membrane was stained for 10min using CellMask Deep 

Red plasma membrane stain according to manufacturer’s protocol (cat # 10046 from 

ThermoFisher). The cells were washed with PBS and imaging media was added before 

viewing under confocal microscope. 

 

Settings for the confocal microscope acquisition are as follow: 

• Cy3 channel: excitation at 488nm and detection at 500nm to 540nm 

• CellMask channel: excititation at 488nm and detection at 650nm to 750nm 

 

Fluorescence intensity from Cy3 channel was measured in cells using ROI function in 

ImageJ and mean fluorescence per cell was calculated and plotted against time. 
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3.5.4. Optimisation for positive FRET probe studies 

3.5.4.1. Positive FRET Probe degradation studies 

Two emission scans were performed by exciting 30µg/ml of positive FRET probe before 

and after the addition of NaOH to cause DNA denaturation at pH 12. Excitation was set 

at 488nm while detection wavelength was set from 500nm to 800nm to visualize donor 

(ATTO 488) and FRET signal. At the same time, excitation was set at 647nm while 

detecting emission from 650nm to 800nm to visualize acceptor signal (ATTO 647N). 

 

3.5.4.2. Positive FRET probe stability at different pH 

Positive FRET probe was diluted in pH 7.2 PBS to a final concentration of 30 µg/ml. 

The pH was raised/dropped to both extremes (pH 2 and pH 12) using NaOH or HCL 

and emission scan was performed by setting excitation wavelength at 488nm and 

detection from 500nm to 800nm. Two distinct cycles in pH change was performed: cycle 

A, acid first (increase to pH 12 then decrease to pH 2 and back to pH 7) and cycle B, 

base first (decrease pH to 2 then increase to pH 12 and back to pH 7). FRET ratio was 

calculated by using the maximum peak from donor emission fluorescence and FRET 

emission fluorescence using the following equation, also referred as equation 4.1 in 

chapter 4 (J. Chen et al. 2012) . 

 

FRET	ratio = 	 ,-
(,/0,-)

   (equation 4.1) 

Where: 

FF = peak fluorescence signal of acceptor when excited at 488 nm (i.e. FRET signal) 

FD = peak fluorescence signal of donor when excited at 488 nm (i.e. Donor signal) 
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3.5.4.3. Residual and “Real” FRET signal 

Procedure was similar to the positive FRET probe stability at different pH experiments, 

however an excitation scan was performed while setting the emission at 660nm. The 

change in pH was also performed in both “acidic to basic to neutral” and “basic to acidic 

to neutral” approach. The “real” FRET is calculated using the maximum peak from donor 

excitation signal and FRET excitation signal using the following equation, also referred 

as equation 4.2 in chapter 4: 

 

real	FRET = 	 ,/
(,-0,/)

   (equation 4.2) 

Where: 

FD = peak fluorescence signal of donor when at emission 660 nm (i.e. Donor signal) 

FF = peak fluorescence signal of acceptor when emission at 660 nm (i.e. FRET signal) 

 

3.5.5. FRET ratios of delivery agents under confocal microscope 

The positive FRET probe was complexed with Lipofectamine, jetPEI or loaded into 

empty polymersomes via electroporation (described in 3.3. Polymersome formation: Film 

hydration protocol). The final concentration of positive FRET probe complexed with 

different delivery agents is 0.5 µg/ml and the solution were viewed under confocal 

microscope.  

 

Setting for the confocal microscope acquisition are as follow: 

• Donor channel: excitation at 488nm and detection at 500nm to 540nm 

• FRET channel: excitation at 488nm and detection at 650nm to 750nm 

• Acceptor channel: excitation at 647nm and detection at 650nm to 750nm 
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FRET ratio was calculated by measuring the average fluorescence intensity of images 

acquired using the equation 4.1 using ImageJ software. 

 

3.5.6. Delivery of positive FRET probe to HEK293T cells 

Approximately 30,000 HEK293T cells were seeded in 35mm glass-bottom dishes (from 

Ibidi) 1 day before confocal session. Positive FRET probe complexed with delivery 

agents at a final concentration of 0.5 µg/ml were incubated with the cells (30mins, 2hrs 

and 4hrs). At the end of the incubation time, nuclear staining was performed using 

Hoescht 33342 (Cat # H3570 from ThermoFisher) for 10 min. Cells were washed with 

PBS and live cell imaging solution (cat# A14291DJ purchased from ThermoFisher) was 

added before viewing under confocal microscope detecting donor, FRET and acceptor 

signal using the same settings stated in section 3.5.5. FRET ratios of delivery agents under 

confocal microscope 

 

Setting for the confocal microscope acquisition are as follow: 

• Nucleus channel: excitation at 350nm and detection at 410nm to 460nm 

• Donor channel: excitation at 488nm and detection at 500nm to 540nm 

• FRET channel: excitation at 488nm and detection at 650nm to 750nm 

 

Fluorescence intensity was measured in areas where acceptor signal is detected and 

isolated using ROI. FRET ratios are then calculated as previously described (equation 4.1) 
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3.5.7 Colocalization studies of DNA probe in endosomal/lysosomal compartments in 

HEK293T cells 

Materials: Primary antibodies used include Anti-EEA1, rabbit monoclonal (cat# Ab2900); 

Anti-Rab5, rabbit polyclonal (cat# Ab13253); Anti-Rab7, rabbit monoclonal (cat# 

Ab137029) and Anti-LAMP1, rabbit polyclonal (cat# 24170) all purchased from Abcam. 

The secondary antibody Brilliant Violet 421™ Donkey anti-rabbit IgG (minimal x-

reactivity) Antibody (cat# 406410) was purchased from BioLegend.  

 

Approximately 10,000 HEK293T cells were seeded in µ-slide 8 well glass bottom dishes 

(cat # 80827) 1 day before the experiment. As with the “positive FRET probe delivery” 

experiment (section 3.5.6. Delivery of positive FRET probe to HEK293T cells), positive 

FRET probe is delivered via different delivery agents at a final concentration of 0.5 µg/ml. 

Cells were fixed with 3.7% formaldehyde for 10 mins at room temperature. 

Permeabilization was achieved by incubation with 0.2% Triton-X for 10 mins at room 

temperature. BSA blocking at 5% (w/v) was performed for 1 hour at room temperature. 

Then, incubation with primary antibody for the endosomal marker (EEA1, Rab5, Rab7) 

lysosomal marker, LAMP1) diluted at 1:100 with 1% BSA was done overnight at 4oC. 

The following day, incubation with secondary antibody was performed at a dilution at 

1:100 for 1 hour at room temperature. Then, cells were visualized under confocal 

microscope. 

 

 Setting for the confocal microscope acquisition are as follow: 

• Endosome channel: excitation at 350nm and detection at 410nm to 460nm 

• Donor channel: excitation at 488nm and detection at 500nm to 540nm 

• FRET channel: excitation at 488nm and detection at 650nm to 750nm 

• Acceptor channel: excitation at 647nm and detection at 660nm to 750nm 
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Analysis was performed using Fiji software. Colocalization was performed between 

endosome and acceptor channel. The endosomal compartments were isolated using built-

in “analyse particles” function with size set at > 0.2um2 and circularity between 0 and 1. 

The isolated regions were set as ROIs, and signal from donor and FRET channel within 

these areas were measured. FRET ratio was calculated using equation 4.1 following 

normalisation with the control condition (No FRET probe). 

 

3.5.8. Live cell probe tracking in fluorescent Rab5, Rab7, Rab11a and Lysotracker 

labelled cells 

Materials: DNA plasmids used include: pTag-BFP-C-h-Rab5a-c-Myc (cat# 79801); pTag-

BFP-C-h-Rab7-c-Myc (cat# 79803) and pTag-BFP-C-h-Rab11a-c-Myc (cat# 79805), all 

ordered from Addgene. LysoTracker® Blue DND-22 - Special Packaging (cat# L7525) 

was ordered from Life Technologies. 

 

For Rab5, Rab7 and Rab11a labelling, cells were seeded at approximately 30,000 

HEK293T cells per 35mm glass-bottom dish (from Ibidi) 24 hours before transfection. 

Cells were transfected using the different pDNA encoding for BFP-Rab5, BFP-Rab7 and 

BFP-Rab11a with Lipofectamine (for polymersome and jetPEI probe delivery) or jetPEI 

(for lipofectamine probe delivery) according to manufacturer’s instruction delivering 1 

µg/ml of pDNA. The following day, 0.5 µg/ml positive FRET probe was delivered via 

different delivery agents and image acquisition was performed and scan was performed 

every 6 seconds for 2 minutes 

 

For lysotracker labelling, HEK293T cells were seeded at 35mm glass-bottom dishes at 

concentration of 30,000 cells per dish, 24 hours before the experiment. On the day of 

experiment, media containing 50 nM of Lysotracker probe was incubated with the cells 
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for 1 hour at 37oC. After 1 hour, delivery of positive FRET probe at 0.5 µg/ml was 

performed via different delivery agents (Lipofectamine, jetPEI and polymersomes) and 

image acquisition was performed.  

 

Setting for the confocal microscope acquisition are as follow: 

• Endosome/lysosome channel: excitation at 350nm and detection at 410nm to 

460nm 

• Donor channel: excitation at 488nm and detection at 500nm to 540nm 

• FRET channel: excitation at 488nm and detection at 650nm to 750nm 

• Acceptor channel: excitation at 647nm and detection at 660nm to 750nm 

 

Images were analysed using Fiji software. Segmentation of endosomal compartments was 

achieved by “TrackMate v3.8.0” plugin with tracker object set at 0.5um2 using Laplacian 

of Gaussian detector mode. Once endosomal compartments were identified, tracking of 

the compartments was run using “Simple LAP tracker” option. The top 10 tracks that 

had the most numbers of “spots” was chosen and the fluorescence signal from Donor, 

FRET channel and acceptor channel were monitored on each of these tracks.  

 

A min-max normalisation was performed across different channels. The normalised 

endosome channel signal was subtracted from the Donor, FRET and Acceptor channels 

to remove the photobleaching effect. The normalised FRET and acceptor signal were 

plotted against time to illustrate FRET probe entry and escape. On the other hand, the 

difference between the Acceptor channel and FRET channel is plotted against time and 

presented as amount of degradation. 
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3.6. Cellular responses to nucleic acid experiments (Chapter 5) 

3.6.1. Transfection experiments 

Cells were seeded in black 96 well plates at a density of 2 x 104 cells per well and grown 

for 24 hours in complete medium, with the exception of THP1 cells where they have 

been incubated with 15ng/ml PMA for 48 hours. Delivery of pDNA via Lipofectamine 

and jetPEI were performed according to section 3.2. Plasmid DNA and delivery systems, 

and delivery systems. Polymersomes loaded with the pDNA were prepared and quantified 

in anticipation as described in section 3.3. Polymersome formation: Film hydration 

protocol. The delivery agents used had a final pDNA concentration of 1µg/ml and 

2µg/ml. Each experimental group were performed in triplicate. A negative control group 

of complete media with a suitable amount of PBS as well as a group with empty 

polymersomes was included in each experiment. Following 24 hours post-delivery, cells 

were washed with PBS and EGFP fluorescence was measured using SPARK® 

multimode microplate reader by TECAN with excitation set at 485nm and emission 

detected at 535nm. 

 

3.6.2. MTT cytotoxicity tests 

Materials: Thiazolyl Blue Tetrazolium Bromide, MTT (cat# M5655) and dimethyl 

sulfoxide, DMSO (cat# D8418) were both purchased from Sigma. 

 

Procedure: Cells were seeded in transparent 96 well plates in the same manner as 

described in transfection experiments. In addition to the PBS and empty polymersome 

control, 10% DMSO was also included as an experimental group as a positive control. 

Delivery of 1µg/ml pDNA was performed as described in transfection experiments. 

After 24 hours, the cells were washed with PBS and incubated with 1mg/ml filtered and 

freshly prepared MTT in PBS. The cells were incubated at 37oC for a further 2 hours to 
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allow the reduction of the compound into formazan by mitochondrial reductase. The 

media is removed, and acidified isopropanol was added to dissolve the water-insoluble 

formazan obtaining a purple solution. After dissolving formazan, absorbance is measured 

at 570nm and 630nm. 

 

3.6.3. NF-κB studies 

Materials: TNFα recombinant human protein (Cat# 10602HNAE50) was purchased 

from Thermo Fisher. Formaldehyde solution (cat# 252549-500ml) for fixation; Triton 

X-100 (cat# T87878-50ml) for membrane permeabilization and bovine serum albumin 

(BSA) (cat# A2153) for immunostaining blocking were purchased from Sigma.  NFκB 

p65 Antibody (F-6) Alexa Fluor® 647 (cat# sc-8008 AF647) was purchased from 

SantaCruz Biotechnology and nuclear stain Hoeshst 33342 (cat# H3570) was purchased 

from Thermo Fisher. 

 

Procedure: Cells were seeded in 8-well glass bottom slides (Ibidi µ-Slide 8 Well Glass 

Bottom, cat. No. 80827) at density of 7 x 104 cells and grown for 24 hours (with the 

exception of THP1 cells as described earlier). Once cells reach 80% confluency, they were 

treated with different experimental conditions. For optimisation experiment 1, cells were 

treated with 100 ng/ml, 200 ng/ml and 500 ng/ml TNFα for 1 hour. 

 

Following treatment depending on the experimental condition, the cells are fixed using 

3.7% formaldehyde for 10 mins at room temperature. After fixation step, cells are 

permeated using 0.2% Triton-X for a further 10 mins at room temperature. Protein 

blocking to prevent unspecific binding was performed using 5% BSA for 1 hour at room 

temperature. Later on, the cells were incubated with NF-κB p65 antibody in a 1:500 

dilution with 1% BSA overnight at 4oC. The following day, the cells were incubated with 
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nuclear stain Hoescht 33342, for 10 mins before visualization under confocal microscopy. 

Cells were washed 3 times with PBS between each step. 

 

For optimisation experiment 2, the same procedure was used with the exception of cells 

were treated with 200 ng/ml TNFα for 30min, 1hr, 2hrs, 3hrs and 4hrs. similarly, same 

procedure was used for NF-κB translocation assays with the exception that 1 µg/ml and 

2 ug/ml pDNA complexed with different transfection reagents were incubated for 30min, 

1hr and 3hrs and 24 hrs. 

 

Setting for the confocal microscope acquisition are as follow: 

• Nucleus channel: excitation at 350nm and detection at 410nm to 460nm 

• NF-κB channel: excitation at 647nm and detection at 650nm to 750nm 

 

Analysis: Image acquired were processed using an open source software: Fiji. In short, a 

threshold was set within each experimental design to allow fair comparison across 

different conditions. Mander’s coefficient values were obtained using Fiji’s built-in plugin 

Coloc2. Channels used for analysis corresponds to nuclear stain and NF-κB antibody 

stain.  

 

3.6.4. SEAP reporter assay 

Two SEAP reporter cell lines were used: NF-κB SEAP Reporter HEK 293 cells referred 

as HEK-blue cells (Cat# hkb-null1) and NF-κB SEAP Reporter Monocytes also referred 

as THP1-Blue (Cat# thp-nfkb) both purchased from Invivogen. 

 

HEK-Blue cells are maintained with DMEM supplemented with 4.5 g/l glucose, 10% 

(v/v) fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mg/ml 



 90 

Normocin™, 2 mM L-glutamine. In addition, 100 µg/ml Zeocin is added to the growth 

medium to maintain selection pressure every other passage. 

 

THP1-blue cells are maintained with RPMI 1640, 2 mM L-glutamine, 25 mM HEPES, 

10% heat-inactivated fetal bovine serum (30 min at 56 °C), 100 µg/ml Normocin™, Pen-

Strep (100 U/ml-100 µg/ml). In addition, 10 µg/ml blastacidin is added to growth 

medium every other passage to maintain selective pressure.  

 

Cells were pre-seeded in 12 well plate at a concentration of 5x105 cells per well 24 hours 

before pDNA delivery. Following the delivery of 1µg/ml pDNA via different delivery 

agents, SEAP detection within the media was performed using colorimetric enzyme assay 

using QUANTI-Blue solution at different time points from 30 minutes up to 30 hours. 

In short, QUANTI-Blue solution was prepared by mixing equal parts of QUANTI-Blue 

reagent and QUANTI-Blue buffer. Then, 20 µl of supernatant medium was incubated 

with 180 µl of QUANTI-Blue solution and incubated at 37oC for 2 hours before 

measuring optical density at 630nm.  

 

3.6.5. Gene expression studies 

Materials: RNeasy Mini kit (cat# 74106), QuantiTect Reverse Transcription kit (cat# 

205313), Rotor-Gene SYBR® Green PCR Kit (cat# 204074) were all purchased from 

Qiagen. Unless found in the literature, the primers of the genes of interest were designed 

by PRIMER-BLAST using gene sequence for homo sapiens and ordered from Sigma-

Aldrich. Table 3.2 shows the forward and reverse sequence used for gene expression 

experiments of genes studied
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Table 3.2 – Genes of interest and primers used for PCR experiments 

 

Cells pre-seeded 24 hours before in 6 well-plates at 1 million cells were treated for 4 and 

8 hours with different delivery agents before RNA extraction. QIAcube (Qiagen) was 

employed with RNeasy kit where cells were lysed with buffer RLT provided in the kit and 

placed within the shaker rack of the QIAcube. The buffers were placed accordingly in 

the reagent bottle rack and the RNeasy mini protocol pre-installed in QIAcube is run. 

Following RNA extraction, RNA concentration is determined using Nanodrop8000 UV-

Vis spectrophotometer (ThermoScientific) with its internal protocol. RNA is reverse 

transcribed into DNA using QuantiTect Reverse Transcription kit. The RNA template 

samples were incubated for 2 min at 42oC to remove genomic DNA and another 15 min 

to allow primers to elongate and produce the template DNA. The sample is finally heated 

Gene name Forward Reverse Notes 

NLRP3 CTTCCTTTCCA
GTTTGCTGC 

TCTCGCAGTCC
ACTTCCTTT 

(Said-Sadier et al., 2010) 

CASP1 TGCCTGTTCCT
GTGATGTGG 

TGTCCTGGGA
AGAGGTAGAA
ACATC 

(Celardo et al., 2013) 

CXCL11 GCATAGGCCC
TGGGGTAAAA 

ATAAGCCTTGC
TTGCTTCGAT 

Self designed 

MAP3K1 CCCTGCTGTTG
GCAAATGG 

TGTAGACAGG
GTCAGCACAG
A 

Self designed 

NFKB1 TTAGCAGCTTC
AGAATGGCAG 

GTGAGATTAT
GACACTTACTT
GTTC 

Self designed 

IL6 TGCAATAACCA
CCCCTGACC 

AGCTGCGCAG
AATGAGATGA 

Self designed 

IFIH1 (MDA5) GGCACCATGG
GAAGTGATT 

ATTTGGTAAG
GCCTGAGCTG 

(Nasirudeen et al., 2011) 

DHX58 (LGP2) GGCACCCACCA
TGTCAATG 

CCCAGACCTCC
CCACAGTT 

(De Koning et al. 2010) 

TRIM25 CGAGGTGGAA
CTGAACCACA 

GGAGACCTTC
TTCACAGGGC 

Self designed 

RPL13A 
(Housekeeping 
gene) 

AGCTCATGAG
GCTACGGAAA 

TATTGGGCTCA
GACCAGGAG 

(Curtis et al. 2010) 
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up to 95oC for 3 min to inactivate all enzymes used in the process. Finally, RT-PCR was 

performed using Rotor-gene SYBR Green RT-PCR kit with automated mixing of samples 

and reagents operated by Qiagility (Qiagen). The PCR mixture is heated up to 95oC for 

the initial PCR activation step and followed by 40 cycles of 95oC for 5 sec and 60oC for 

10 sec. At the end of each cycle data acquisition at excitation 470 nm and emission 510 

nm is performed using Rotor-Gene Q (Qiagen).   

 

Data from PCR were analysed by the comparative Ct method, also known as the ΔΔCt 

method. The cycle threshold of each gene was compared against the housekeeping gene 

(RPL13a) to obtain ΔCt value. Then the change in cycle threshold is compared against 

the control group (i.e. treated vs non-treated condition) to obtain the ΔΔCt value.  

 

The values presented as -DDCT values which corresponds to the folds in expression 

change compared to the untreated group. For example, -DDCT value of 1 would 

correspond the gene was twice as expressed compared to the untreated group. Otherwise, 

a -DDCT value of -1 would correspond to expression downregulation by half. 

 

3.6.6. Western blot experiments 

Materials: RIPA buffer (cat# R0278), protease inhibitor cocktail (cat# P8340-1ml), 

phosphatase inhibitor cocktail 2 (cat# P5726-1ml) all purchased from Sigma. Pierce BCA 

Protein Assay kit (cat# 23227) was purchased from ThermoFisher. Sample buffer, 

Laemmli 2x concentrate (cat# S3401-10VL) was purchased from Sigma. Ponceau S 

Solution (cat# P7170-1L) from sigma. Fish gelatin blocking agent (cat# 22010-BT) was 

purchased from Cambridge Bioscience, STING (D2P2F) Rabbit mAb (cat# 13647) and 

Cyclophilin A (D2Y4M) Rabbit mAb (cat# 51418) were from Cell signalling. Goat anti-
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Rabbit IgG secondary antibody, DyLight 800 4X PEG (cat# SA5-35571) was purchased 

from Thermo Fisher.  

 

Cells were washed with ice-cold PBS and 100ul of lysis buffer containing 1x RIPA buffer 

with protease inhibitors (1:100 dilution) and phosphatase inhibitors (1:200 dilution) was 

added per 1 x 106 cells. Cells were agitated for 30 min at 4oC before centrifugation at 

16000 x g for 20 min at 4oC. The pellet was discarded and protein content in supernatant 

was quantified.  

 

Protein quantification was performed using BCA Protein Assay kit. The BCA reagent was 

prepared according to manufacturer’s instruction and 10ul of protein sample was added 

into 200ul of reagent. After mixing, the plate was incubated for 30 mins at 37oC. 

Absorbance was measured at 562nm using BioTek ELx800 absorbance microplate reader. 

 

Before performing SDS-PAGE, the protein sample is denatured using Laemmli buffer. 

Equal parts of 2x buffer was added into the protein sample and heated in heat block for 

5mins at 95oC. 

 

Equal amounts of proteins were loaded into a previously prepared 12% SDS-PAGE gel 

together with the protein ladder. The gel was run at 100V for 80 mins. Protein transfer 

to nitrocellulose membrane was achieved by 100V for 60mins on ice. The blot was rinsed 

in water and Ponceau S solution to confirm transfer quality.  

 

The membrane was blocked with 1x fish gelatin in Tris-buffered saline with 0.1% Tween-

20 (TBS-T) for 1 hour. Anti-STING primary antibody was diluted in 1x fish gelatin at 

1:1000 and incubated overnight at 4oC. The following day, anti-rabbit secondary antibody 
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DyLight 800 antibody was incubated at 1:20 000 in 1x fish gelatin for a further 1 hour at 

room temperature before image acquisition with odyssey CLx near- infrared fluorescence 

imaging system (Licor). 

 

3.6.7. Antiviral response modulation experiments 

Materials: iCRT 14 (cat # SML0203-5mg) and curcumin (cat # 08511-10mg) were 

ordered from Sigma. Oligonucleotide TTAGGG A151 (cat # tlrl-ttag151) was ordered 

from invivogen and BX795 (cat # 401158) was ordered from Medkoo.  

 

RPRE-GFP pDNA was delivered via different delivery agents (Lipofectamine, jetPEI or 

loaded in polymersomes) at a final concentration of 1µg/ml in the presence of 1 µM or 

10uM of antiviral response inhibitor such as iCRT14, curcumin, A151 and BX795. The 

transfection efficiency was measured by the amount of fluorescence signal detected 

following 24 hours of delivery. A series of MTT cytotoxicity test were also performed in 

all 6 cell types for the antiviral response inhibitors with and without delivery agent. Two 

concentrations of inhibitors were used, and cells were incubated for 24 hours before the 

cytotoxicity test.  

 

Statistical tests: 

For each cell type, two-way ANOVA was used to compare data between PBS and 

treatment with inhibitor without pDNA delivery (i.e. grey against grey PBS). A further 

student T-test was performed to analyse the significance between cytotoxicity data 

between control and delivery agent in the presence of the inhibitors (i.e. grey against 

yellow for Lipofectamine), and lastly, a two-way ANOVA was used to compare the data 

between PBS and treatment with inhibitor in the presence of the delivery agent (i.e. yellow 

against yellow PBS for Lipofectamine).  
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Chapter 4 

Delivery and DNA integrity 

 

One of the greatest challenges in nucleic acid delivery is to deliver the cargo to its site of 

action. Nucleic acids often require delivery agents in order to enter cells due to the cell 

membrane being impermeable to negatively charged nucleic acids. Delivery agents very 

often temporarily neutralize the negative charge found in nucleic acids to allow them to 

enter the cells through endocytosis. However, despite literature data suggesting the 

efficient delivery of cargoes into the cell, the expression of these nucleic acid varies across 

delivery agents (Yamano, Dai, and Moursi 2010a).  

 

The aim of this chapter is to explore the possible fates of delivered nucleic acid through 

the use of three different delivery agents: Lipofectamine, jetPEI and polymersomes and 

try to understand the reasons behind the differences in transfection efficiencies across 

the delivery agents tested. In order to understand the differences in delivery efficacy 

among these delivery agents, the mapping of what happens to the nucleic following 

cellular entry is required.  The fact that endocytosis is the common entry mechanism used 

by these delivery agents, a key hypothesis is that the nucleic acid is degraded within the 

endocytotic compartments before escaping into the cell cytosol. Therefore, it is important 

to assess the integrity of the nucleic acids along this process. For this reason, the studies 
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in this chapter will be based on the use of DNA probes labelled with fluorophores and 

quenchers. The combination of such DNA probes with fluorescence microscopy allow 

to monitor the state of the DNA molecule in the different endosomal. The proposed 

method is supported by immunostaining technique studies. 

 

4.1 Förster resonance energy transfer (FRET) 

FRET, also known as fluorescence resonance energy transfer, is the physical 

phenomenon of energy transfer between two given light sensitive molecules, known as 

chromophores. This process exploits the chromophores’ intrinsic excitation and emission 

spectrum. Some types of chromophores can be excited by light and emit fluorescence. 

These are known as fluorophores. Each type of fluorophores has its own excitation-

emission signature spectra, that is, they can only be excited and emit fluorescence at 

particular wavelengths. Under certain conditions, for donor-acceptor pair systems, when 

the emission spectrum of a particular donor fluorophore overlaps with the excitation 

spectra of an acceptor chromophore energy transfer (FRET) may occur. As a result of 

FRET the acceptor chromophore emits fluorescence upon excitation of the donor 

molecule. This is because part of the donor emission is transferred to the acceptor which 

in turns emits at the acceptor emission wavelength. FRET can also occur between a 

fluorophore and a quencher, whereby all fluorescence from the excited donor will be 

absorbed by the quencher molecule. The transfer of energy is highly dependent on the 

distance between the two fluorophores as well as the extent of the overlap between the 

emission and excitation spectra of the FRET pair. The distance in which 50% of the 

donor fluorescence is transferred to the acceptor molecule is known as the Förster radius 

(Bajar et al. 2016). Thus, by carefully selecting a suitable FRET pair, one can use this 

mechanism to monitor distances between the donor-acceptor molecules. 
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FRET mechanisms are exploited in this chapter to monitor the state of nucleic acid: 

whether the nucleic acid is intact or degraded by using a mixture of FRET compatible 

fluorophores and quencher. The two different pairs of chromophores used in this chapter 

consist of a short DNA sequence which forms a hairpin structure with chromophores at 

either ends or double stranded DNA attached to a chromophore at the end of each strand.  

 

4.2 Negative FRET studies 

The first studies focus on visualizing degradation under confocal microscopy. The short 

piece of DNA forms a hairpin structure and each end is attached to a Cy3 dye and BHQ2 

quencher. Since the emission wavelength of Cy3 overlaps with the excitation of BHQ2 

quencher, these form a FRET pair. Cy3_BHQ2 is known to have a Forster radius of 5nm 

(J. Chen et al. 2012). The fact that the average length between each DNA strand separated 

by base pairs is 2 nm, makes the Cy3-BHQ2 pair very suitable to indirectly measure DNA 

stability. Under intact conditions, the Cy3 emission would be quenched by BHQ2 which 

is found below 5 nm of distance from Cy3. Whereas upon degradation, Cy3 fluorescence 

would no longer be quenched and could be detected through fluorescence microscopy as 

illustrated in figure 4.1.  
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Figure 4.1 – Properties of negative FRET probe. The spectral overlap (A) confirms that Cy3 and BHQ2 

can be pair to form FRET. The chemical structures of Cy3 fluorophore and BHQ2 quencher (B) and the 

schematic representation of FRET as DNA is intact or degraded (C). 

 
4.2.1 Optimisation studies 

4.2.1.1. Cy3-BHQ2 FRET pair degradation using fluorescence 

In order to show that the Cy3-BHQ2 FRET pair can be used to monitor DNA probe 

degradation, the probe was subjected to extreme pH changes (pH 12) in order to simulate 

DNA denaturation while monitoring fluorescence.  DNA probes were diluted in water 

(in neutral pH) at a dilution to allow for monitoring single probe fluorescence behaviour.  

DNA probe was then excited at 520 nm (the excitation wavelength of Cy3) and the 

fluorescence exhibited by the system was detected at 570 nm (the peak emission 

wavelength of Cy3) at pH 7.3. The pH of the DNA-probe containing solution was 
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changed to pH 12 through the addition of NaOH and the fluorescence of the system was 

measured again.  

 

Figure 4.2 – Alkaline denaturation of negative FRET probe to simulate DNA degradation.  (t-test, P-value 

***<0.005, n = 3) 

 
The preliminary experiment (figure 4.2) suggests that upon the increase of pH from 7 to 

12, the detected fluorescence signal approximately doubles. The increase in fluorescence 

can be explained by probe degradation through alkaline denaturation (Ageno, Dore, and 

Frontali 1969).  The deprotonation of the bases within the DNA molecule would weaken 

the hydrogen bonding that bonds the bases and holds the two strands of DNA together. 

As consequence of the denaturation, Cy3 and BHQ2 that are attached to either ends of 

the probe will be separated at a distance above the Forster radius threshold. Without the 

presence of the quencher at close distance to absorb Cy3 fluorescence, the whole 

emission signal of Cy3 is detected by the fluorimeter. 

4.2.1.2. Cy3-BHQ2 DNA probe stability in electroporation  

The loading of the DNA probe into polymersomes was achieved via electroporation. The 

technique uses an electrical field to temporarily disrupt the polymersome membrane and 

create temporary pores that allow for the entry of the DNA probe into the synthetic 

vesicles aqueous core. However, it is not known whether the process could affect the 
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Cy3-BHQ2 system and pDNA conformational change following electroporation have 

been reported previously (Wang et al. 2012). Hence further studies were performed to 

ensure DNA probe integrity was maintained during the electroporation process. The 

stability of the Cy3-BHQ2 DNA probe was monitored by gel electrophoresis and 

fluorescence measurements after several pulses were applied to the system at voltages 

typically used in the encapsulation process via electroporation.  

 

 

Figure 4.3 – The effect of electroporation pulse number and DNA integrity. Negative FRET probe was 

subjected to different number of electrical pulses to simulate encapsulation into polymersomes and probe 

integrity was tested via fluoresence (A) and gel electrophoresis (B) (n=3). (Gel image is included with the 

corresponding pulse number. The 2nd band indicated as (-) represents the protein ladder marker for 

identification purposes) 

As confirmed in previous experiments, the increase in fluorescence intensity is an indirect 

measure of probe degradation (figure 4.2); therefore, the data obtained in figure 4.3A 

suggest that the fluorescence signal emitted by the probe remains stable and low until 10 

pulses have been applied.  Gel electrophoresis results suggest that the intensity of the 

band associated to the DNA probe is decreased as the number of pulses increase (Figure 

4.3B). Band intensity is correlated to the total amount of DNA, thus the decrease seen 

could be attributed to the loss of DNA probe following electroporation as fragmented 

DNA mocules will be able to travel further down the gel. 
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4.2.2. Cellular delivery of DNA probe into HEK293T cells 

One of the hypotheses in the low transfection efficiency in some delivery methods is that 

DNA is degraded following cell internalisation. Hence, polymersomes loaded with the 

DNA probe were incubated with HEK293T cells and the fluorescence signal was 

monitored via fluorescence confocal microscopy to assess the integrity of DNA at several 

time points up to 17 hours (figure 4.4). A control group treated with DNA probe alone, 

without any delivery agent, at the same concentration as the encapsulated DNA probe, 

without any delivery agent was also used. 

 

Figure 4.4 – Negative FRET probe delivered to HEK293T cells and fluorescence monitored up to 17 hours 

(A) and representative confocal images of each time point (B). (n=3, Scare bar = 10 µm)  
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Results show that there was low fluorescence detected at early time points up to 2 hours 

in both conditions. From 3 hours onwards, an increase of the fluorescence signal was 

progressively detected at the control group. In the polymersome treated group, the signal 

was also detected from 3 hours, but the fluorescence is lower than the control group.  

With the increase in treatment time, both conditions showed an increase in fluorescence 

signal which suggest DNA degradation was happening which is likely to be due to the 

drop in pH as the DNA probe goes through different endocytic compartments. 

Nevertheless, mean fluorescence signal at the control group is significantly higher than 

that observed with the polymersome group. 

 

Discussion:  

As introduced earlier, the probe we use has the capability to assess the integrity of DNA 

at a given time point. The obtained results suggest that the DNA probe enters the cells 

and is degraded with time. It is somehow unexpected to verify cellular entry of the DNA 

probe when the probes are just incubated with the cell media. Under physiological 

conditions, nucleic acids are impermeable to the cellular membrane due to the nucleic 

acids overall negative charge causing electrostatic repulsion. Nevertheless, there are some 

accounts of cellular uptake of naked oligonucleotides which is believed to occur  through 

receptor mediated endocytosis and/or pinocytosis (Vlassov, Blakireva, and Yakubov 

1994).  Moreover, these internalised naked oligonucleotides are then confined in 

endosomes/lysosomes (Dias and Stein 2002), which support the fluorescence spots 

verified in the confocal images. As for the DNA probe encapsulated in polymersomes, 

the current data agrees with the literature data which suggest the entry of polymersomes 

occur through receptor mediated endocytosis. PMPC-PDPA polymersomes used in these 

studies have been shown to internalised in cells via scavenger receptors type I binding 

(Colley et al. 2014), which is highly expressed in HEK293T cells (X.-P. Yang et al. 2013).  
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In both cases, the increase in fluorescence signal suggest that there is a progressive 

degradation in DNA probe delivered by either method. When the probe is delivered as 

naked DNA, the fluorescence signal is detected at earlier timepoints compared to when 

it is encapsulated within the polymeric vesicles. This result suggests that despite the probe 

ability to enter the cells, degradation occurs earlier and more noticeable across the 

different timepoints tested compared to polymersome delivery. It can also be deduced 

the DNA probe delivered when loaded within polymersomes can protect nucleic acid 

degradation to some extent. 

 

As polymersomes loaded with the DNA probe go through different endosomal 

compartments, the pH is progressively decreased causing the disassembly of the pH-

sensitive polymeric vesicles which in turn releases the encapsulated DNA probe (section 

2.3.3. Polymers as non-viral based delivery systems). Due to the ionic amphiphilic nature 

of the block copolymer used for polymersome formation, the polymer can interact with 

nucleic acids at acidic pH, as previously described (Hannah Lomas et al. 2010). More 

specifically, the PDPA hydrophobic block subunit of the polymer used has a pKa of 6.3; 

hence the drop in endosomal pH triggers the protonation of the PDPA subunit leaving 

the polymer positively charged. As consequence, the block copolymer can bind to 

negatively charged nucleic acids through electrostatic interactions (H. Lomas et al. 2007). 

The binding of DNA with PDPA therefore could explain the temporary protection of 

DNA from acidic pH degradation within endosomal compartments.  

 

The release of DNA probe from polymersomes and endosomal compartments is an 

inefficient process; hence, degradation signal is still seen within vesicular compartments. 

The increase in particle number will generate an osmotic shock leading to the 
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destabilisation of the endosomal membrane (Mania Massignani et al. 2009); however, the 

destabilisation is a transient process which means only part of the load is released into 

the cytosolic space and the rest of the payload will be retained. As the retained DNA goes 

through the different endosomal compartments, DNA denaturation may occur due to 

the acidified environment (the phosphodiester bonds within DNA structures breaks at 

low pH) within endosomes which is confirmed by confocal data. It is evident that the 

fluorescence signal detected from Cy3 is not uniformly distributed across the cell, but in 

punctuated form as if they are found in enclosed compartments within the cell cytoplasm 

that could be late endosomes or lysosomes. 

 

One of the biggest disadvantages of the Cy3-BHQ2 system, is that the DNA probe 

cannot be visualized nor quantified through fluorescence when it is intact. Therefore, a 

direct comparison of the level of degradation between the two treatment groups explored 

in this section is based on the assumption that equal amounts of DNA probe are delivered. 

Despite ensuring that the same concentration of probe was added to each treatment 

group, the amount delivered into the cells cannot be confirmed with this test alone. The 

degradation observed in the current experiment will be expected to be lower than true 

value based on two assumptions. First, naked oligonucleotides are known to be poorly 

internalized (Dias and Stein 2002). Secondly, previous work on polymersomes showed 

efficient nucleic acid delivery (H. Lomas et al. 2007). Moroever, the current experimental 

set up is unable to quantify how much degradation has occurred relative to the delivered 

amount. To overcome these obstacles, a possible solution is to employ a FRET system 

which exploits two fluorophores that could be used to study DNA in both intact or 

degraded states. The FRET system in this case can act as a ‘spectroscopic ruler’.  
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4.3 Positive FRET studies 

The biggest advantage of using a FRET system with two fluorophores, a donor and 

acceptor fluorophore pair, is the possibility of evaluating both states of DNA, whether 

intact or degraded. In the following set of experiments, a similar probe with two 

fluorophores: ATTO 488 (donor) and ATTO 647N (acceptor) attached to the ends of 

each DNA strand was used. These two fluorophores form a FRET pair with a similar 

Förster radius to the Cy3-BHQ2 pair, that is 5 nm. Instead of just showing fluorescence 

during degradation, the ATTO 488_ATTO 647N FRET pair would exhibit acceptor 

fluorescence when DNA is intact, and donor fluorescence when DNA is degraded. 

Moreover, by comparing the donor and acceptor fluorescence signals, it will be possible 

to measure the FRET efficiency.  A high FRET efficiency means the donor and acceptor 

fluorophores are separated by the optimal distance for FRET, that is the Förster radius. 

This distance is optimal for the transfer of fluorescence emission from the donor to the 

acceptor, the antenna effect, hence the high FRET efficiency. Conversely when the 

donor-acceptor pairs are separated by a greater distance than the foster radius the FRET 

efficiency decays as the donor does not transfer its fluorescence emission to the acceptor. 

The antenna effect is then interrupted. Figure 4.5 shows the schematic representation of 

how the positive FRET pair would work. 
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Figure 4.5 – Properties of positive FRET probe used. The spectral overlap (A) confirms that ATTO 488 

and ATTO 647N can form a positive FRET pair. The chemical structures of ATTO 488 and ATTO 647N 

fluorophores (B) and the schematic representation of FRET as DNA is intact or degraded (C). 

 
4.3.1 Optimisation studies 

4.3.1.1. Confirmation of FRET signal in intact and degraded DNA 
 
As with the Cy3_BHQ2 probe, an experiment was performed to test the ability of the 

ATTO 488_ATTO 647N probe to monitor DNA degradation by means of NaOH 

alkaline denaturation. Emission scans were performed at the donor excitation wavelength 

of 488 nm before and the addition of NaOH. As done for the donor, emission scans were 

also collected by exciting the acceptor at 647 nm at the same conditions as above. The 

results are presented in figure 4.6. 
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Figure 4.6 – Emission scans to confirm action of positive FRET pair. The probe was excited with donor 

wavelength at 488 nm (A) as well as acceptor wavelength at 647 nm (B) to confirm changes in fluorescence 

signal from donor and acceptor when before and after alkaline denaturation. 

Looking at figure 4.6A, at physiological pH (pH 7) the probe exhibited two fluorescence 

emission peaks when exciting the donor at 488 nm. The first peak at around 520 nm can 

be attributed to the donor direct emission, and the second peak at 660 nm can be 

attributed to the acceptor emission through FRET from the donor (black line). Following 

the addition of NaOH to raise the pH from 7 to 12 to simulate DNA denaturation, only 

one peak at 530 nm was found in the emission scan when excitation is set at 488 nm (blue 

line). Interestingly, this peak at 530 nm is considerably higher than before while the peak 

at 660 nm seemed non-existent, which can be explained by the loss of the nearby acceptor 

fluorophore following DNA degradation and thus preventing energy transfer from donor 

to acceptor. Nevertheless, the peak at 660 nm was always observed regardless of pH if 

excitation was set to the acceptor excitation wavelength of 647 nm (figure 4.6B), 

confirming that the loss of acceptor signal was not due to changes in the intrinsic property 

of the fluorophores at high pH. 
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4.3.1.2. FRET ratio as a measure of DNA stability 
 
The fluorescence of both donor and acceptor fluorophores are interdependent of each 

other because when FRET is happening, the energy associated with the donor signal is 

transferred to the acceptor. In contrast, when FRET is not occurring, a higher donor 

signal will be observed.  Hence one cannot use the fluorescence signal from either one of 

them to determine the state of the DNA probe. In order to overcome this, the FRET 

efficiency can be calculated from the relative peak fluorescence of both donor and 

acceptor, using the following equation 4.1: 

 

FRET	ratio = 	 ,-
(,/0,-)

   (equation 4.1) 

Where: 

FF = peak fluorescence signal of acceptor when excited at 488 nm (i.e. FRET signal) 

FD = peak fluorescence signal of donor when excited at 488 nm (i.e. Donor signal) 

 

To test whether the FRET ratio could be used to evaluate the DNA probe integrity, a 

titration experiment was performed to correlate FRET efficiency of the naked probe at 

different pH values. Figure 4.7 shows the spectra obtained by exciting the DNA probe 

across different pH values when exciting the donor at 488nm. 
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Figure 4.7 –FRET ratio as an indirect measure of DNA probe integrity. The peaks from emission spectra 

at 488 nm (A) were used to calculate FRET ratio which is plotted against different pH (B).  

 
The data in figure 4.7A illustrates that at extreme pH (below 4 or above 10), the signal 

from the donor is considerably higher than the at pH 7. In contrast, the signal from the 

acceptor is significantly lower than the probe at neutral pH. The FRET ratio was then 

calculated and plotted against pH (figure 4.7B). Since the pH is expected to cause 

irreversible damage, the FRET ratio was the highest at neutral pH (0.3) and dropped 

significantly at either extreme (close to 0), when denaturation takes places. Two different 
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cycles of pH changes were tested: cycle A “acidic first” where probe solution at pH 7 

decreased to  pH 2 followed by increase to pH 12 and decrease back to pH 2 and finally 

neutralized to pH 7; and cycle B “basic first” where a pH is increased to pH 12 followed 

by a decrease to pH 12 and back to pH 2 before neutralizing to pH 7. Interestingly, each 

time the pH was reverted back to neutral pH, the FRET ratio did not recover to previous 

levels, i.e. initial FRET ratio was 0.32, by the first time neutralizing after extreme pH it 

recovers to 0.11, and only to 0.05 when neutralized back to pH 7 after going through 

extreme pH twice.  

 

Discussion:  

The increase of donor signal and the decrease of acceptor signal at pH >10 is expected, 

as a result of the absence of FRET occurring in the donor-acceptor pair, and discussed 

in the earlier experiment (section 4.3.1.1. Confirmation of FRET signal in intact and 

degraded DNA). It is therefore not surprising that the DNA probe will behave in a similar 

manner at pH <4, due to acid denaturation; hence, the two fluorophores are no longer 

held close to each other and no FRET is verified.  

 

The FRET ratio is at its highest at neutral pH when the DNA probe is most stable. At 

extreme pHs, the drop in acceptor signal that is no longer close to the donor due to 

denaturation will significantly reduce the FRET ratio. Since denaturation is a reversible 

process, it is expected that the DNA probe could restore its original conformation when 

pH is neutralized. Nevertheless, experimental data suggest that irreversible change has 

occurred. The phenomenon seen can be explained by the irreversible degradation of the 

DNA probe at extreme pHs. At low pH, DNA hydrolysis of the phoshodiester backbone 

leads to overall DNA degradation (Barber 1967). Once the parts of the DNA probe are 

fragmented into nucleotides, the two strands are no longer able to anneal perfectly; thus, 
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hysteresis is observed in cycle A. On the other hand, at high pH, DNA structure is 

denatured and not degraded, the increase of pH would destabilize the hydrogen bonds 

between complementary base pairs. Although the temporary disruption of the hydrogen 

bonding can be reversed when pH is neutralized, when DNA is subjected to prolonged 

treatment of alkali condition, hydrolyses of the bases might also happen (Ageno, Dore, 

and Frontali 1969) and thus explaining hysteresis in cycle B. 

 

4.3.1.3. Residual and “real” FRET 
 
When working with FRET data, the effect of spectral cross-talk must be accounted for. 

Spectral cross-talk refers to the direct excitation of the acceptor chromophore by the 

wavelength chosen to excite the donor. Such interference will result in an increase in 

acceptor fluorescence which is not caused by energy transfer from the donor fluorophore.  

To investigate the extent of cross-talk exhibited in the ATTO 488 and ATTO 647N 

system and how it would affect the FRET ratio, an excitation scan was performed by 

detection within the emission range of the acceptor. Similar to previous experiments, a 

range of pH was employed. A ratio between the excitation peaks of both fluorophores 

was calculated to measure the proportion of acceptor fluorescence that is the result of 

FRET from donor molecule. Equation 4.2 presented below shows how “real” FRET 

ratio is calculated.  

 

 

real	FRET = 	 ,/
(,-0,/)

   (equation 4.2) 

Where: 

FD = peak fluorescence signal of donor when at emission 660 nm (i.e. Donor signal) 

FF = peak fluorescence signal of acceptor when emission at 660 nm (i.e. FRET signal) 
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Figure 4.8 – Confirmation of Real FRET. The peaks from excitation spectra at 660 nm (A) were used to 

calculate real FRET which is plotted against different pH (B). Data from FRET ratio at different pH is 

superimposed in real FRET data to obtain the true FRET that is due to the energy transfer from donor 

alone (C). 

 

The real FRET ratio was plotted against pH as shown in figure 4.8. As with the FRET 

ratio obtained from the emission scan experiments, the real FRET ratio between 5 and 

10 when DNA is the most stable with an average ratio at 0.25. As pH moved to the 

extremes, a significant drop in FRET ratio was observed. Hysteresis was verified when 

pH was neutralised from extreme conditions, with the ratio only reaching 0.11 after going 

through extreme conditions twice.  
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Discussion:  

The real FRET ratio calculated represent the proportion of signal from the acceptor due 

to energy transfer from the donor molecule at a close distance. At neutral pH, as much 

as 25% of the signal from the acceptor molecule is the result of FRET. When compared 

with the FRET ratio value of 32%, it can be deduced that 7% of the signal from the 

acceptor is not considered as real FRET signal, but due to fluorescence that may have 

been caused by other mechanisms such as direct acceptor excitation or residual signal 

from the donor that was not quenched efficiently by the acceptor molecule. Or nearby 

acceptor-donor pairs at a close enough distance for FRET. 

 

FRET ratio and real FRET ratio are expected to show similar trends across different pH 

values, as both are dependent on the integrity of the DNA probe. The changes seen in 

real FRET ratios can also be explained by the same mechanisms of DNA denaturation 

and degradation discussed earlier (section 4.2.2. Cellular delivery of DNA probe into 

HEK293T cells). Interestingly, the difference between the calculated ratios is only seen 

at neutral pH when the probe is relatively stable. Whereas at both acidic and basic 

environment, the calculated value of FRET ratio and real FRET becomes very similar.  

 

4.3.2. Effect of delivery agents on FRET ratios 

Having confirmed the ability of using FRET ratio of the DNA probe to correlate with 

DNA integrity, an experiment was carried out to explore whether the different delivery 

agents used had an effect on FRET ratios. The DNA probe was loaded in polymersomes 

using similar procedures as those described earlier, via electroporation. In addition, two 

other available delivery agents, Lipofectamine and jetPEI were used for comparison and 

loaded according to the manufacturer’s protocol. Once the probes were encapsulated 

within the polymersomes or complexed with Lipofectamine or jetPEI, these were 
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visualized under confocal microscope while exciting the donor and detecting fluorescence 

of both donor and acceptor. The mean fluorescence signal of both donor and acceptor 

channels were used to calculate the FRET ratio using the equation 4.1 earlier described. 

The data obtained is represented in figure 4.9. The calculated values of FRET ratio varied 

across the different delivery agents. The naked probe and the probe loaded into 

polymersomes showed an average FRET ratio of 0.4. On the other hand, lipofectamine 

and jetPEI showed higher FRET ratio of 0.5 and 0.7 respectively.  

 
Figure 4.9 – FRET ratio of DNA probe when complexed with different delivery agents (A). Representative 

images of Donor (detection at 490 nm) and FRET signal (detection at 660 nm) when probe is excited at 

488 nm (donor excitation) (B).  
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Discussion:  

The slight differences between calculated FRET ratio from confocal data and from 

spectra in naked DNA probe might be caused by the ranges in which the detectors were 

set in confocal microscopy. In the spectrum calculated values, the fluorescence value 

from the single peak maximum was used. Whereas under confocal microscope, the 

average intensity value between a set detection range was used to calculate the FRET 

ratio. Nevertheless, the difference between the two calculated values is negligible. 

Moreover, the ultimate purpose of the probe is to monitor the integrity of the DNA 

following cellular delivery which will not be affected by the differences of calculated 

FRET ratios between spectral and confocal values. As long as the same detection system 

is used during delivery, a drop in FRET ratio still represents DNA probe degradation. 

 

As for the effect of the different delivery methods, when DNA probe is loaded into 

PMPC-PDPA polymersomes, the FRET ratio remains similar to the values obtained for 

DNA before encapsulation (at 0.4). Since loading DNA into the polymersomes does not 

affect the physical structure of the probe, the FRET ratio is expected to remain similar as 

the values obtained for naked DNA probe. Conversely, jetPEI showed a considerable 

increase in FRET ratio. The increase in the energy transfer might be due to the physical 

changes caused by the electrochemical interactions with these commercially available 

agents. As discussed in the literature review (section 2.3.2. Lipids as non-viral delivery 

systems and section 2.3.3. Polymers as non-viral based delivery systems), the mechanisms 

in which Lipofectamine and jetPEI are able to deliver DNA into cells is through 

electrostatic interactions. Lipofectamine is a cationic liposomal formulation, while jetPEI 

is a positively charged branched polymer. The negative charged DNA is expected to form 

complexes with these positively charged delivery agents. It has been reported that the 

cationic liposomes in lipofectamine will go through structural changes and reorganize 
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into lamellar or hexagonal arrangements in a way that DNA gets trapped between them 

(Rädler et al. 1997). A similar interaction between Lipofectamine and the DNA probe is 

expected; thus, the probe will be forced to rearrange in a uniformed manner. As a result, 

the DNA probe is no longer able to diffuse freely in solution, in contrast to the case of 

the naked DNA probe or in the case when the probe is loaded within the aqueous lumen 

of the polymersomes due to their hydrophilic nature. The packed uniform arrangement 

when DNA probe is complexed with the cationic liposomes would confine the DNA 

probe in a small space that could lead to an increase in FRET fluorescence due to residual 

FRET. Under normal conditions, the acceptor molecule is excited from the emission of 

its donor molecule; however, it is also possible that FRET may occur between 

neighbouring donor and acceptor molecules. Figure 4.10 shows a schematic 

representation of residual FRET which can be used to explain the increase in FRET ratio 

when DNA probe is complexed with cationic liposomes used in the lipofectamine reagent.  

 

 
 

Figure 4.10 – Schematic representation of residual FRET. When a donor fluorophore is in close vicinity 

with the acceptor of another FRET pair, FRET transfer is possible despite it did not come from the original 

DNA probe. Thus the FRET ratio calculated in such occasion will be higher than expected. 

 
The interaction of the DNA probe with jetPEI shares remarkable similarities between 

the interaction of the DNA probe with Lipofectamine. The positively charged polymer 

ATTO 488 Fluorophore
ATTO 647N Fluorophore
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polyethylenimine, used in jetPEI formulation, is able to interact with DNA via two 

distinct mechanisms: the electrostatic interactions with the phosphate backbone (Kou, 

Zhang, and Zhang 2016), and groove binding driven by entropy (Utsuno and Uludağ 

2010), both of which lead to DNA condensation. In fact, the interaction of PEI with 

nucleic acid is so strong that it can be exploited to remove nucleic acid from cell extracts 

through precipitation (Cordes, Sims, and Glatz 1990). For these reasons, one can 

postulate that the positively charged polymer would be able to bind with more DNA 

probe than the other delivery agents, despite no direct comparison of the DNA binding 

ability of jetPEI and lipofectamine was previously reported. As the DNA probe is held 

more tightly together, the effect of residual FRET also increases leading to a significantly 

higher FRET ratio compared with naked DNA probe, loaded within polymersomes or 

complexed with lipofectamine reagent.  

 

4.3.3. Delivery of positive FRET probe to HEK293T cells via different delivery agents 

Previous studies suggest that by 5 minutes after cellular entry through endocytosis, 

external material reaches the early endosomes, whereas endocytosed material reaches late 

endosomes and lysosomes after 15 minutes to 30 minutes (Canton and Battaglia 2012). 

One of the hypotheses of these probe delivery studies is that the DNA probe will start 

to degrade within the endocytotic pathway. In order to explore this hypothesis, the DNA 

probe was delivered to HEK293T cells and the fluorescence behaviour of the 

fluorophores was monitored at different time points up to 4 hours while exciting the 

donor at 488nm. The fluorescence signal from both donor and acceptor were used to 

calculate FRET ratio using equation 4.1. The calculated values for FRET ratio were 

expressed as % of initial FRET value so that changes of FRET ratio could be compared 

directly with other delivery agents. The representative confocal images and calculated 

FRET ratios obtained are presented in figure 4.11 and appendix 1 and 2. 
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Figure 4.11 – Positive FRET delivered to HEK293T cells via different delivery agents (A). Representative 

confocal images of FRET probe in HEK293T cells at 2 hours post-delivery by jetPEI (B). (Scale bar = 

10µm, n=3) 

 
On average, Lipofectamine delivery of the DNA probe showed the least degradation as 

the calculated FRET ratio remained essentially unchanged up to 4 hours after delivery 

(yellow line on graph in figure 4.11A). Conversely for jetPEI and loaded polymersomes 

there seemed to be a 25% decrease in FRET ratio 1 hour post-delivery. After the first 

hour, the FRET ratio of loaded polymersomes did not seem to decrease further, but the 

FRET ratio of jetPEI seemed to show a continuous drop. By 4 hours post-delivery, FRET 

ratio of DNA probe delivered by jetPEI exhibited a drop of 50% from its initial FRET 

value.  

 

Discussion: 

The degradation of DNA probe delivered within polymersomes observed in this 

experiment is in accordance with the earlier investigations for Cy3_BHQ2 probe (section 

4.2.2. Cellular delivery of DNA probe into HEK293T cells). In both cases, DNA 

degradation could be verified as early as 1 hour after DNA probe internalization. It seems 

that these data contradict with results obtained from negative FRET probe experiments 

where degradation is only verified 2 hours after delivery by polymersomes. However, it 
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is very difficult to quantify delivered negative FRET probe and the sensitivity of detectors 

may contribute to the inconsistency of these two experiments. To recapitulate, PMPC-

PDPA polymersomes are disassembled in early endosomes, triggered by the drop in pH 

(Hannah Lomas et al. 2010). The release of the DNA probe within early endosomes 

would cause an osmotic shock leading to endosomal lysis. While a fraction of the cargo 

would be released into the cytosolic space, a portion would remain within the endosomal 

compartment and directed to lysosomal degradation. The drop in FRET ratio seen in 

figure 4.11A can therefore be explained by the portion of the DNA probe which remains 

in the endocytic compartments that are directed to lysosomes. Apart from the low pH 

environment which could cause DNA denaturation and/or degradation, several DNases 

are present. These DNases include DNase II and DNase IIb that belong to the 

endonuclease family that cleaves DNA with low sequence specificity (Fujiwara, Wada, 

and Kabuta 2016).  

 

In contrast to the pH-sensitive polymersome system, DNA release from DNA/PEI 

complexes is highly dependent on the salt concentrations in the local environment 

(Bertschinger et al. 2006). Further studies have suggested that the interaction between 

DNA and positively charged PEI is not affected between pH 5.3 and pH 7.2 values 

suggesting that DNA release is not caused by the changes in pH throughout the different 

endosomal compartments (Kou, Zhang, and Zhang 2016). The stable interaction of 

DNA with PEI at this range of pH have been proposed to offer some protection for 

DNA (X. Zhao et al. 2014), or DNA probe in the case of this experiment, from lysosomal 

degradation in the current studies. However, such interaction was shown to be weakened 

in basic (pH < 7.4) environment due to the decrease of positive charge in PEI (Utsuno 

and Uludağ 2010). Following DNA/PEI endosomal escape, cytosolic pH is increased 

due to the presence of PEI in the cytosol (Ira, Mély, and Krishnamoorthy 2003), which 
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leads to the release of DNA from the PEI complexes, exposing the nucleic acid to 

cytosolic nucleases that might have caused their degradation as verified in this experiment.  

 

In terms of DNA probe delivered by lipofectamine, there were insignificant changes in 

FRET ratio throughout the 4 hours of fluorescence monitoring. This might be due to the 

interaction or entrapment of the DNA probe within the cationic lipid which acts as a 

barrier preventing pH denaturation in early or late endosomes. Nevertheless, as a 

commercially available transfection agent, there is no doubt that DNA-lipofectamine 

complexes enter the cell and releases the DNA along the endosomal pathway. During 

endosomal escape, the destabilization of the endosomal membrane would induce lipids 

from the cytoplasmic side to turn over and pair with the cationic lipid. This process is 

also known as the transbilayer motion or flip-flop mechanism which ejects the DNA 

molecules into the cytosolic space that were previously trapped within the cationic lipid 

complex (Xu and Szoka 1996). Once released into the cytosol, the DNA probe will be 

prone to degradation just like the DNA probe delivered by other probes; hence, a 

decrease in FRET ratio will be expected which is reflected in the decreasing trend in figure 

4.11A despite being statistically insignificant.  

 

One of the limitations in this study is that the mean fluorescence values from donor and 

acceptor were measured from all imaged regions where signal was detected, regardless of 

its subcellular location. In other words, subcellular locations with greater area such as the 

nucleus would mask out signal from small endosomal/lysosomal compartments where 

most degradation is expected to happen. Therefore, the next set of experiments aims to 

look at changes of FRET ratio at individual subcellular locations, namely early endosomes, 

late endosomes and lysosomes through the use of protein markers.  
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4.3.4. Colocalization studies of DNA probe degradation in endosomal compartments in 

HEK293T cells 

The previous experiments were aimed at assessing the overall DNA integrity following 

cellular delivery via different delivery agents. In order to explore the specific locations 

where degradation occurs, the delivery of the DNA probe was attempted with 

immunostaining techniques to label specific endocytic compartments including early 

endosomes, late endosomes and lysosomes. The experimental procedure was similar to 

that of the previous experiments, but instead of visualizing the cells under confocal 

microscopy at several time points, the cells were fixed and immunostained for endosomal 

markers (EEA1, Rab5, Rab7 and LAMP1). The confocal images (appendix 3 to 5) were 

then analyzed and FRET ratios for specific endosomal compartments as well as the 

proportion of compartments that possess DNA probe within them were calculated for 

different time points as shown in figure 4.12. 
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Figure 4.12 – FRET probe in endosomal/lysosomal compartments. Colocalization and FRET ratio of 

probe delivered by different delivery agents in EEA+ (A), Rab5+(B), Rab7+(C) and LAMP1+(D) 

compartments n=3.  

 

Following 1 hour post-delivery, only DNA probe delivered by Lipofectamine and jetPEI 

were found colocalized with EEA1+ early endosomes (figure 4.12A). There were only 

25% colocalization of polymersome delivered probe within EEA1+ compartments after 
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1 hour; however, from 2 hours onwards, the DNA probe was found to be highly 

colocalized with EEA1 regardless of which delivery agent used. The FRET ratio was 

found to remain relatively constant for jetPEI and polymersomes at around 50% and 

110% respectively throughout the 4 hour period. Lipofectamine delivered probe showed 

to be at 80% at the first hour and increased to 110% at 2 hours and 4 hours.  

 

The trends in colocalization in Rab5+ compartments (figure 4.12B), which also represents 

early endosomes, were very similar to EEA1. However, within the first hour, there was 

considerably less lipofectamine delivered probes colocalized with Rab5 compared to 

jetPEI delivery. Both Lipofectamine and polymersome delivery only showed 50% 

colocalization with Rab5, wheras jetPEI showed 80%. From 2 hours onwards, 

colocalization was close to 100% in all delivery agents. Again, polymersome delivered 

DNA probe showed little change in FRET ratio throughout the different time points at 

around 90%. FRET ratio of Lipofectamine and jetPEI delivery were at 50% at 1 hour, 

and both have increased slightly over time, reaching 75% at 4 hours. 

 

At 1 hour, Rab7 colocalization with DNA probe (figure 4.12C) was very similar to EEA1+ 

and Rab5+ compartments. As observed with EEA1 and Rab5, jetPEI remained highly 

colocalized within Rab7+ compartments throughout 4 hours post-delivery. On the other 

hand, Lipofectamine and polymersome delivered DNA probe increased progressively 

over time from 50% at 1 hour to 90% and 70% respectively at 4 hours. All delivery agents 

showed FRET ratio at 90% and there was a drop at 2 hours in Lipofectamine and jetPEI 

which was recovered back to 80% with jetPEI or increased to 130% with lipofectamine 

at 4 hours.  
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Apart from jetPEI, both Lipofecfamine and polymersome delivery showed less than 50% 

colocalization with LAMP1 (figure 4.12D), which is associated with lysosomes, in 1 and 

2 hours post-delivery. The DNA probe was only fully colocalized with LAMP1+ 

compartments at 4 hours. As with other compartments FRET probe delivered by 

polymersome remained close to 100% and did not show significant changes across 

different time points tested. Neither did jetPEI show changes in FRET ratio and 

remained between 60% to 70%. FRET ratio of Lipofetamine delivery at 1 hour was close 

to 100% and gradually increased to 125% 4 hours after delivery. 

 

Discussion:  

As discussed in the literature review (section 2.2.1. Endocytosis), the endosomal pathway 

can be characterized by several successive compartments beginning with trafficking 

vesicles, early/sorting endosomes, multi-vesicular bodies, late endosomes and lysosomes.  

The protein markers EEA1 and Rab5 are associated with early endosomes, while protein 

markers for Rab7 and LAMP1 are associated with late endosomes and lysosomes 

respectively. The colocalization data is in agreement with the literature in that all delivery 

systems used enter cells by endocytosis. The first compartments that extracellular material 

reaches following endocytosis are early endosomes, which are associated with EEA1 and 

Rab5 proteins. Both DNA delivered by Lipofectamine and polymersomes show 50% 

colocalization in early endosomes within the 1st hour. After 2 hours, colocalization 

remains close to 100% and remained close to 100% up until 4 hours. These data are 

comparable with previous studies suggesting following 1 hour of internalization, 

lipofectamine delivered DNA would reach early and late endosomal compartments, but 

very little in lysosomes (Cardarelli et al. 2016). Conversely, previous studies demonstrated 

that polymersome delivered material are destined to lysosomal compartment after long 

periods of incubation (Rizzello et al. 2017).  
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Since DNA/PEI complexes are known to enter cells through endocytosis, it is expected 

that jetPEI delivery would also follow the same time frame in terms of the progression 

through the endocytosis process. Therefore, the colocalization of DNA probe delivered 

by jetPEI at later compartments such as late endosomes and lysosomes within the 1st 

hour was not anticipated. Two hypotheses are presented here to explain these 

observations. First, previous reports have suggested that cellular uptake of PEI could be 

improved by ligands for receptor-mediated endocytosis such as transferrin, which 

increases the proportion of total DNA versus DNA that remained in the cell surface up 

to 5 times (Ogris et al. 2001). Since jetPEI is a commercial formulation, it is likely to be 

formulated with such compounds to improve delivery efficiency compared to pure PEI. 

The second hypothesis is that jetPEI could partly deliver materials directly to late 

endosomes or lysosomal compartments through non-endocytic mechanisms such as 

autophagy. Autophagy is a highly conserved cellular degradative system which degrades 

unnecessary cellular components through autophagosomes and recycling endosomes 

(Tooze, Abada, and Elazar 2014). In fact, the cytotoxic effect of PEI has long been 

studied, and experimental data have demonstrated that PEI induced autophagy in certain 

cancer cell lines (C.-W. Lin et al. 2012). Once material is engulfed by autophagosomes, 

the compartments will fuse with lysosomes. The fusion of autophagosomes with 

lysosomes bypasses the pre-lysosomal compartments such as late endosomes; hence, 

delivered material may reach lysosomal compartments more rapidly compared to normal 

endocytic pathway (B. P. Lawrence and Brown 1992). Hence the presence of probe in all 

compartments within the first hour of delivery by jetPEI may be due to classic 

endocytosis as well as autophagocytosis as illustrated in figure 4.13.  
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Figure 4.13 – Schematic diagram of the relationship between endocytic pathway and autophagy pathway. 

The endocytic pathway (bottom) is characterised by the formation of endocytic vesicles (endosomes) which 

will eventually fuse with recycling endosomes or lysosomes. On the other hand, in autophagy pathway (top), 

autophagosomes fuse with recycling/late endosomes to form amphisome or with lysosomes to form 

autolysosomes. (Adapted from (Tooze, Abada, and Elazar 2014)) 

In terms of the DNA probe integrity, both Lipofectamine and polymersomes delivered 

probe showed relatively high FRET ratios at the first hour in all compartments except 

lipofectamine in EEA1 and Rab5. The FRET ratio associated with the probe delivered 

by both Lipofectamine and polymersomes remained high or progressively increased to 

up to 130% specially in lipofectamine delivery. The increase of FRET ratio above 100% 

does not seem to be realistic. The FRET ratio presented here has been normalized to its 

maximum value before cellular entry, when the DNA is intact with the delivery agent 

complex. Nevertheless, one must keep in mind that endocytic compartments are small 

confined vesicles, meaning that a build-up of material is possible. If DNA probe enters 

these compartments and is not released as fast as its entry rate, the resulting accumulation 

may lead to residual FRET signal, earlier demonstrated in figure 4.10. Residual FRET 

could mask out the degradation signal leading to a higher than expected calculated FRET 

ratio. Moreover, DNA dissociation with lipofectamine happens during endosomal escape, 
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therefore within endosomal compartments, the cationic lipid complex would have a 

protective role in preventing DNA probe degradation.  

Probe delivered by jetPEI showed a lower FRET ratio across different compartments 

investigated compared to delivery via lipofectamine and polymersomes. As discussed 

earlier (section 4.3.3. Delivery of positive FRET probe to HEK293T cells via different 

delivery agents), the dissociation of DNA with PEI is highly dependent on salt 

concentrations; hence, it is likely that DNA release from PEI complexes happen within 

endosomal compartments. Released DNA probe are then susceptible for degradation 

within endosomal compartments.  

 

There are several limitations associated with these experiments. Despite being able to 

colocalize DNA probe within different endocytic compartments, cells must be fixed in 

order to perform immunostaining. The fixation process would remove all the dynamics 

of the endocytosis process without the ability of synchronizing the different entry and 

escape stages of the DNA probe within the endosomes. For these reasons, the calculated 

FRET ratios obtained are the average FRET ratio of all compartments marked by a 

particular antibody.  

 

Another issue that must be accounted for is the accumulation of probes within endosomal 

compartment. Even if degradation have occurred, the accumulation of free fluorophores 

within endosomes will also lead to FRET and subsequent detection of acceptor emission. 

This would result in higher than expected FRET ratios. 

 

Lastly, one must be cautious when comparing FRET ratios across different time points. 

As the colocalization of probe with endosomal compartments varies at different time 

points, the proportion of endosomes/lysosomes with DNA probes must be taken into 
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consideration. For example, despite FRET ratio of DNA probe delivered by 

Lipofectamine in Rab7+ vesicles show a decrease from 1st hour to 2nd hour, the 

colocalization of DNA has showed to increase. In other words, although DNA probe 

was not degraded (suggested by high FRET ratio), there were less probe present in early 

endosomes in the 1st hour. After 2 hours, although FRET ratio dropped to 55% 

(suggesting degradation), the number of Rab7+ vesicles (i.e. late endosomes) with DNA 

has increased. 

 

4.3.5. Live cell probe tracking in Rab5, Rab7, Rab11a labelled cells  

In order to overcome the limitations that cell fixation brings, cells were transfected to 

express blue fluorescence protein in at the endocytic compartments using pDNA. Using 

this technique, individual endosomes could be monitored, and the dynamics of probe 

entry or escape could be analysed. Figure 4.14 shows the tracking of probe dynamics 

within Rab5+ vesicles (early endosomes) when delivered via different delivery agents with 

three separate occasions for each delivery method.  

 

The fluorescence of acceptor and FRET signal is plotted on each tracking event, and 

degradation calculated based on their difference is shown above of each graph. In both 

polymersomes and Lipofectamine delivered probes, the entry and escape (suggested by 

the cyclic increase and decrease in acceptor fluorescence) showed a regular biphasic 

pattern whereby each cycle takes roughly 20 seconds.  Degradation of polymersome and 

Lipofectamine delivered probe also follows similar cyclic patterns with a maximum 

degradation of 40% in both cases. On the other hand, biphasic nature of entry and escape 

of jetPEI delivered probe in early endosomes is not as evident despite also showing peaks 

at 20 seconds distance. The degradation in jetPEI reaches 60% in 2 out of 3 tracks 

obtained.   
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Figure 4.14 – Live probe tracking in Rab5+ vesicles (early endosomes) delivered by polymersomes (A), 

Lipofectamine (B) and jetPEI (C). Three tracks are shown for each delivery method. 

 
The entry and escape cycles verified in Rab7+ compartments associated with late 

endosomes shown in figure 4.15 also have a similar regularity at 20 seconds. Polymersome 

delivered probe shows less degradation in late endosomes compared to early endosomes. 

Whereas degradation patterns and the amount of lipofectamine delivered probe in late 

endosomes remained similar to those in early endosomes. The biphasic entry and escape 
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in jetPEI delivered probe in late endosomes are better defined compared to early 

endosomes. Nevertheless, the extent of degradation in jetPEI delivered probe in late 

endosomes remained higher than polymersome or Lipofectamine delivery.  

 
Figure 4.15 – Live probe tracking in Rab7+ vesicles (late endosomes) delivered by polymersomes (A), 

Lipofectamine (B) and jetPEI (C). Three tracks are shown for each delivery method. 
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Only DNA probe delivered by jetPEI was found colocalised with Rab11a vesicles 

(recycling endosomes) as shown in figure 4.16. As with other compartments, a 20 seconds 

cycle of entry and escape is verified. Degradation in recycling endosomes is also found to 

reach similar levels of early and late endosomes (reaching 60% in most occasions).  

 

 
Figure 4.16 - Live probe tracking in Rab11a+ vesicles (recycling endosomes) delivered by jetPEI. Three 

tracks are shown. 

 
Rab11a proteins are associated with recycling endosome which allows internalised 

material to be recycled back to the plasma membrane (Van Ijzendoorn 2006) or transport 

material to autophagosomes (Longatti and Tooze 2012). Plasma membrane receptors are 

often taken up together with extracellular material during endocytosis; hence, the 

recycling pathway offers an alternative route for these membrane receptors to avoid 

lysosomal degradation. The colocalization of DNA probe only during jetPEI delivery 

may suggest either only jetPEI-DNA complexes are directed to be recycled or all DNA 

probe delivered by the other two delivery agents have successfully escaped from 

endosomal compartments before reaching recycling endosomes. The fact that 

colocalization of DNA probe delivered by Lipofectamine and polymersomes is verified 

in Rab7+ vesicles indicates that the first postulation is more likely.  
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Discussion: 

The entry and escape of material into and out of endosomal compartments may be a 

quick dynamic process; hence, live tracking of DNA probe required high-speed image 

acquisition which leads to a greater noise-to-signal ratio. FRET ratio analysis was not used 

in the analysis of these experiments due to the high background noise obtained. To 

overcome this obstacle, acceptor signal (i.e. exciting donor and detecting donor) was used 

instead. The acceptor signal is an independent signal source which could be used to 

identify the amount of DNA probe within compartments regardless of the DNA integrity. 

The dynamic process of probe entry and escape from the labelled compartments is 

reflected by the fluctuations in both acceptor and FRET signal as shown in figures 4.14 

to 4.16. Across different endosomal compartments, 20-second regular cycles of increase 

and decrease in acceptor signal was verified demonstrating the dynamics of entry and 

escape. When the rate of entry is faster than the rate of escape, an overall build-up of 

probe material within the compartments is verified. In such case, the FRET signal 

detected would also be affected by residual FRET that causes a false signal, that is, FRET 

fluorescence that was not caused by the excitation from the paired donor but another 

donor which might be in close proximity to the acceptor.  

 

When both acceptor and FRET signal show the same relative intensity and fluctuates at 

the same rate, DNA is believed to enter and escape from the compartments without 

degradation. But very often, a discrepancy between acceptor and FRET signal is observed.   

In order to monitor the integrity of the DNA probe delivered, the difference between the 

acceptor and FRET signal is calculated and expressed as % of degradation at a given time 

point. The rationale of the analysis can be explained in mathematical terms. Both 

fluorescence signals from acceptor (FA) and FRET (FF) is directly proportional to the 

concentration of DNA present at a given time (equation 4.3). Since FA and FF may have 
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a different gradient, a min-max normalisation was performed before the subtraction of 

FA and FF (equation 4.4). During the min-max normalisation, the constant or gradient is 

cancelled out allowing the direct comparison between FA and FF (equations 4.5 and 4.6). 

F4, F, = k[DNA]   (equation 4.3) 
 

,<,	=>?
,	=@A<,	=>?

= [0,1]   (equation 4.4) 
 
 

DE[FG4]<DE[FG4]=>?	
DE[FG4]=@A<DE[FG4]=>? = 	

DE([FG4]<[FG4]=>?	)
DE([FG4]=@A<[FG4]=>?)

   (equation 4.5) 
 
 

D-[FG4]<D-[FG4]=>?	
D-[FG4]=@A<D-[FG4]=>? =

D-([FG4]<[FG4]=>?	)
D-([FG4]=@A<[FG4]=>?)

   (equation 4.6) 
 

A limitation related to the fluorescence signal acquired at resonance mode is the 

photobleaching effect. Due to the high acquisition speed, the laser used in resonance 

mode would cause bleaching of fluorophores after a short period of time leading to a 

decrease in fluorescence with time in all detecting channels. In order to minimise the 

photobleaching of the samples, the acquisition was restricted to a maximum of 2 minutes. 

The magnification was also controlled to be able to visualise the whole cell rather than a 

few endosomes. At a wider view of interest, the laser could be spread over a bigger area 

which leads to slower photobleaching effect compared to a high magnification where the 

laser would be more focused into a small area. Despite long exposure to laser would lead 

to a progressive decrease in fluorescence signal, such loss would be verified across all 

channels including both donor and FRET; hence, the degradation analysis which was 

based on the difference between both channels will not be affected by photobleaching.  

 

One of the obstacles encountered in these studies is the low number of tracks obtained 

as DNA probe was monitored within individual compartments. As suggested in the 

previous experiment (section 4.3.4. Colocalization studies of DNA probe degradation in 
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endosomal compartments in HEK293T cells), the colocalization of DNA probe in the 

different endosomal compartment is relatively low (>50%) within the different 

compartments after 1 hour of delivery by Lipofectamine and polymersomes. Not only 

the colocalization of DNA probe in endosomal compartments is low within the first 30 

minutes (the time frame in which these experiments were conducted), the images acquired 

were at XYT setting which increased the difficulty of endosomal tracking as these moved 

above or below the field of depth. When both effects are accounted, only a small 

proportion of tracked vesicles contained FRET probe which made statistical tests more 

difficult. The data presented monitors the individual endocytic compartments rather than 

the average. Individual endosomes would be at different stages of entry and escape due 

to the fact that cargo entry and escape across different compartments are not 

synchronized. Moreover, there are big variations in the amount of uptake of material at 

the early stages at different endosomes. Together with the fact that data obtained had 

differing lengths of tracking mentioned earlier, merging data from different tracks of the 

same endosomal compartment seemed unsuitable.  

 

In order to cause expression of BFP in the different endosomal compartments, cells must 

have been transfected in the first place. This would mean that cells would be required to 

be transfected twice: first by pDNA for compartment labelling, followed by the delivery 

of the DNA probe via different delivery agents. Two precaution steps were taken to 

minimize the cellular stress that double transfection could cause: 1) After pDNA 

transfection of HEK293T cells to label endocytic compartments for 24 hours, the cells 

were allowed to recover for a further 24 hours in growth media without any transfection 

reagent; 2) The use of the same transfection reagent twice in a row was avoided. The cells 

used to investigate FRET probe delivery by Lipofectamine were previously transfected 
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with pDNA by jetPEI, and vice-versa. In the case of FRET delivery by polymersomes, 

cells were pre-transfected with pDNA by Lipofectamine.  

 

Despite the precautions to lessen the effect of cellular stress by double transfection, 

cellular stress is inevitable. The effects of cellular stress and response to nucleic acids are 

explored in the next chapter (see chapter 5 – Cellular responses to nucleic acids). In fact, 

subsequent experiments have shown that delivery of pDNA by the different transfection 

agents caused cytotoxicity (section 5.2. Cytotoxicity of transfection reagents); hence, it is 

not surprising that the FRET probe delivered by the same agents could also trigger similar 

responses. It has been previously demonstrated that the activation of proapoptotic death 

receptors would halt some types of endocytosis processes (Austin et al. 2006). Therefore, 

a further hypothesis is inferred where uptake of external material might be hindered in 

post-transfected cells due to cellular stress or cytotoxicity caused by delivery agents. Such 

hypothesis would also explain the observation where a limited number of FRET probe 

containing compartments was tracked. A solution for these obstacles is to find an 

alternative way to label endocytotic compartments without using cellular transfection that 

leads to cytotoxicity.    

 

4.3.6. Lysotracker probe tracking 
 
An attempt to track DNA probe entry and escape in lysosomes without employing double 

transfection was performed using lysotracker reagent. The cells were treated with 

lysotracker reagent to label acidic compartments such as lysosomes. The experimental 

setup was similar to live probe tracking studies and data are presented in figure 4.17. 

 

Similar to the data from live tracking in Rab5, Rab7 and Rab11a labelled cells, the peaks 

and troughs are roughly 20 seconds apart. Polymersome and Lipofectamine delivered 
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probe showed slighter degradation levels (up to 60%) whereas jetPEI delivered probe 

showed similar levels of degradation when compared to other endocytic compartments. 

The increase in degradation levels is expected not only due to the more acidic 

environments but also the presence of nucleases within lysosomal compartments (Pinto-

González Howell et al. 2003). 

 

Figure 4.17 – Live probe tracking using lysotracker delivered by polymersomes (A), Lipofectamine (B) and 

jetPEI (C). Three tracks are shown for each delivery method. 
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Discussion: 

Lysotracker Blue DND-22 is a blue fluorescent dye used widely to label acidic 

compartments such as lysosomes. It does not rely on cellular transfection; hence, 

problems associated with double transfection discussed earlier could be accounted for. 

The only disadvantage of lysotracker is that it does not target lysosomes specifically. The 

dye is a fluorescent pH indicator which accumulates in all acidic organelles in living cells 

including endosomes, phagosomes and autophagosomes. Therefore, the data presented 

here are from tracking of DNA probe within acidic compartments rather than lysosomes 

only. 

 

One of the biggest issues encountered in the live cell tracking is the labelling of the 

endocytic compartments without causing cellular stress or cytotoxicity which might affect 

the natural endocytotic process. Pre-transfected cells using commercially available 

reagents seemed to uptake less external material, so further experiments so explore such 

observation would be beneficial to interpret the current results. If proven true, then stably 

or transiently transfected cells that are Rab5, Rab7 or LAMP1 labelled with fluorophore 

by viral vectors might be a possible solution. Stable transfection requires a higher level of 

biological safety containment and considerable time to generate a stable cell line. On the 

other hand, transient transfection with viral based systems may also be employed before 

opting for stable transfection which might pose a problem to certain cell types. The 

CellLights reagents by ThermoFisher are a promising group of ready-to-use viral 

constructs which could be employed for such purpose, and available targets include early 

endosomes, late endosomes and lysosomes. Although these viral constructs could 

possibly overcome cytotoxicity issues associated with non-viral delivery agents, the 

CellLight reagent is not compatible with the probe system used in the studies so far. 

Currently, the reagents targeting endosomal compartments is only available in two 
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fluorophores: green fluorescence protein (GFP) and a red fluorescent protein (RFP), both 

of which interfere with the ATTO488 and ATTO647N FRET system used in the current 

studies. Hence, in order to use these viral constructs for labelling endosomal 

compartments, another FRET pair system must be employed which avoids GFP or RFP 

excitation or emission spectra. For example, ATTO565 and ATTO647N could possibly 

be useful in such scenario; however, the FRET efficacies, as well as other physical 

properties such as Förster-radius, must be re-evaluated as these fluorophores would have 

a different overlap in spectral data. 

 

4.4 Conclusions 
 

In this chapter, the ability of Lipofectamine, jetPEI and polymersome to protect DNA 

from degradation was investigated. The integrity of DNA was explored using a FRET 

probe which could only be visualised when degraded (Negative FRET probe) and later a 

probe which can be detected at both intact and degraded states (Positive FRET probe). 

Delivery of negative FRET probe via polymersomes have delayed the rate of degradation 

when compared to cells incubated with media and naked probe (section 4.2.2. Cellular 

delivery of DNA probe into HEK293T cells). The inability of monitoring the negative 

FRET probe whilst intact have led to the use of an alternative system, the positive FRET 

probe. The ability of positive FRET probe to indirectly measure the probe stability was 

explored by pH drop simulation experiments. The FRET ratio calculations based on the 

data obtained were used to correlate with the state of the DNA probe (section 4.3.1.2. 

FRET ratio as a measure of DNA stability). Interestingly, the formation of DNA-

transfection agent complexes caused a change in FRET ratio, suggesting a varying 

strength of interaction between different delivery agents and the DNA probe (section 

4.3.2. Effect of delivery agents on FRET ratios). Apart from jetPEI which showed a 
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significant drop in FRET ratio following delivery to HEK293T cells within 4 hours, both 

Lipofectamine and polymersomes showed negligible change in FRET ratio (section 4.3.3. 

Delivery of positive FRET probe to HEK293T cells via different delivery agents). 

Colocalization studies of the DNA probe with endosomal compartments were performed, 

and it was evident that all delivery agents followed a similar entry pathway going through 

early endosomes, late endosomes and eventually reaching lysosomes. Among the 

different compartments, jetPEI showed the lowest FRET ratio, while Lipofectamine and 

polymersomes FRET ratio were close to 100% across different time points tested (section 

4.3.4. Colocalization studies of DNA probe degradation in endosomal compartments in 

HEK293T cells). Due to the limitations of immunostaining techniques, live probe 

tracking experiments were performed in cells transfected with pDNA to label endosomal 

compartments.  From the live tracking experiments (section 4.3.5. Live cell probe tracking 

in Rab5, Rab7, Rab11a labelled cells and section 4.3.6. Lysotracker probe tracking), the 

entry and escape dynamics were shown to have a 20 seconds biphasic pattern across all 

compartments tested with some degradation no matter which delivery method was used.  
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Chapter 5 

Cellular responses to nucleic acids 

Transfection efficiency is the efficacy by which foreign nucleic acid (NA) produces a 

functional protein in the target cell, whether transiently or incorporated into the host 

genome (Recillas-Targa 2006). Since the ultimate aim  in gene therapy is to deliver the 

missing NA encoding for a functional protein, which is causing a given disease, 

transfection efficiency is often used to describe how suitable and effective a particular 

nucleic acid delivery agent is (Yamano, Dai, and Moursi 2010b). Hence, this assessment 

can be employed to compare different NA delivery agents.  

 

Cells have distinct responses to different nucleic acid delivery agents. This is not only 

reflected in the transfection efficiency, but also in their cellular responses. The cellular 

responses caused by the delivery agents can lead to cell stress and/or eventual cell death 

(Lv et al. 2006). Cells have receptors that may respond to the actual delivery agent, the 

foreign nucleic acid or both. One of the most common responses regarding gene transfer 

is the sensing of foreign nucleic acid also known as the antiviral responses (Harris, Perrino, 

and Shaban 2015). As discussed in the literature review (section 2.4. Nucleic acid sensing), 

these responses are mediated through pattern recognition receptors such as the Toll-like 

receptors, NOD-like receptors, RIG-I receptors and cGAS (Jensen and Thomsen 2012), 

and their activation may lead to cellular apoptosis (Amarante-Mendes et al. 2018). Hence, 
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the effect of cell death should not be neglected when comparing the efficacy of different 

NA delivery systems. In some cases, NA delivery agents may possess high transfection 

efficacy, but can cause considerable cellular stress leading to cell death (Godbey, Wu, and 

Mikos 2001).  

 

The aim of this chapter is to answer the question of whether there is a relationship 

between antiviral responses and successful gene transfer via different NA delivery agents. 

Cell viability studies were performed to compare the toxicity of different NA delivery 

agents. Then, stress levels were monitored via NF-κB translocation studies and NF-κB 

SEAP reporter cell lines. Lastly, several genes involved in antiviral responses were 

monitored following the delivery of NA using different delivery systems to try and 

understand the biological pathways associated with successful gene transfection.  

 

5.1. Transfection efficiency and cell type 

The efficiency of transfection varies according to the the cell types targeted (Kawakami 

et al. 2013). In order to investigate the mechanisms behind such discrepancies of results,  

6 cell types were selected including cancer cell lines (FaDu, HeLa and A459), 

immortalised cell line (HEK293T), immune cells (THP1) and primary cells (HDF). 

Plasmid DNA encoding for RPRE-GFP was delivered using either two different 

commercially available methodologies (Lipofectamine and jetPEI) or using polymeric 

vesicles, and the transfection efficiency was compared. 

 

Plasmid DNA (pDNA) encoding for RPRE-GFP was delivered to the cells of interest at 

a final concentration of 1µg/ml and 2µg/ml pDNA. After 24 hours incubation, 

transfection efficiency was determined by measuring the fluorescence intensity of GFP 

produced in each cell type. The results obtained are presented in figure 5.1. 
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A common trend was observed across all the cell types investigated, as the levels of 

fluorescence were positively correlated to the concentration of pDNA delivered using a 

given agent.  

 

Lipofectamine delivery showed greater transfection efficiency in HEK293T, A549 and 

HeLa cells whereas jetPEI performed better in FaDu cells. Overall, transfection of HDF 

and THP1 cells was poor across different delivery agents. Delivery of pDNA using 

polymersomes also showed low efficacy with the exception of HeLa cells, in which  levels 

of transfection comparable to Lipofectamine. 

 

Discussion: 

The data obtained in the transfection efficiency assay suggest that some cell types seem 

to be easier to transfect than others. All cancerous cell lines HEK293T, FaDu, A149, 

Hela show higher transfection rates compared to HDF (primary cells) and THP1 

(immune cells). There are several possible reasons that could explain this finding including 

the different tolerability to delivery agents or cellular responses to nucleic acid delivered 

across different cell types which would be explored in subsequent experiments. 
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Figure 5.1 – Transfection efficiencies following delivery of R-pre-GFP plasmid DNA into immortalised 

cell lines (A-D) and non-immortalised cell types (E and F). Cells were transfected with different delivery 

agents including Lipofectamine (Lipo.), jetPEI and loaded polymersomes (l.p.) for 24 hours and GFP 

fluorescence was measured (n=3). 
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5.2. Cytotoxicity of transfection reagents 

Next, the hypothesis that the different transfection efficiency observed in the various cell 

types was due to the inherent cytotoxicity associated to the transfecting agents used was 

tested. Therefore, MTT cytotoxicity assay was performed using the same experimental 

conditions across the different cell types.  

 

A similar approach to transfection efficiency assay was used, cells were incubated with 

pDNA delivered via different transfection reagents for 24 hours but only at one 

concentration (1µg/ml pDNA). In addition, 10% DMSO group was added as the positive 

control.  

 

FaDu cells treated with lipofectamine and jetPEI pDNA formulation for 24 hours caused 

significant cell death, whereas no significant change was seen following treatment with 

empty polymersomes (figure 5.2A). Polymersomes loaded with pDNA showed a small 

decrease in cell viability. Delivery via Lipofectamine and jetPEI showed 75% and 50% 

cell death respectively in HEK293T cells (figure 5.2B). Loaded polymersomes showed 

similar cytotoxicity to jetPEI, whereas empty polymersomes also showed some 

cytotoxicity (30% decrease in viability), but not as much as its counterparts. Overall, the 

results obtained show very similar trends with FaDu cells. Delivery via Lipofectamine 

and jetPEI caused a 60% drop in cell viability in A549 cells (figure 5.2C), however both 

loaded or empty polymersomes showed little effect on cell viability. In HeLa cells (figure 

5.2D) all delivery agents caused a drop in cell viability between 40% to 50%, with the 

exception of empty polymersomes which did not cause any cytotoxicity. In THP1 cells 

(figure 5.2E), both pDNA delivery via Lipofectamine and jetPEI had significant decrease 

of cell viability dropping to 30% and 45% respectively. Loaded polymersomes or empty 

polymersomes also caused a 35% decrease in cell viability. Both delivery of pDNA via 
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commercially available transfection reagents showed a 40% decrease in cell viability In 

HDF cells (figure 5.2F). Loaded polymersomes did not induce any significant change in 

cell viability, nor did empty polymersomes. 

 

Figure 5.2 – MTT cytotoxicity tests of 1ug/ml pDNA delivery via different delivery agents across different 

cell types 24 hours post-delivery. Conditions used used include PBS as negative control, 5% DMSO as 

positive control, Lipofectamine (Lipo.), jetPEI, loaded polymersomes (l.p.) and empty polymersomes (e.p.). 

(T- test: * <0.05, **<0.01, ***<0.001; n=3) 
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Discussion:  

Across different cell types, Lipofectamine and jetPEI caused considerable decrease in cell 

viability following pDNA delivery for 24 hours, dropping between 40% to 70%. The 

results suggest that in HEK293T, FaDu and THP1 cells, Lipofectamine delivery was 

roughly 20% more toxic than jetPEI delivery. However, in HDF, A549 and HeLa cells, 

the cytotoxicity verified were similar ranging between a 40% to 60% drop.  On the other 

hand, delivery of pDNA via encapsulation in polymersomes showed some cytotoxicity in 

HEK293T, FaDu, THP1 and Hela cells. There were no significant changes in cell viability 

following pDNA delivery via polymersomes in HDF cells and a slight increase in viability 

was verified in A549 cells.  

 

The toxic effect of Lipofectamine and jetPEI is may be the reason why protocols for 

these delivery agents always suggest treating cells that are at least 80% confluent. In fact, 

cytotoxicity of delivery agents have been previously correlated with transfection efficiency 

(Neuhaus et al. 2016). In terms of polymersomes, despite showing some toxicity without 

pDNA encapsulated, the drop in cell viability suggest that the encapsulated pDNA causes 

further cellular stress/damage which is consistent to the hypothesis that DNA sensors 

can pick up foreign DNA and cause activation of antiviral pathways. However, the 

particular case of loaded polymersomes causing a slight increase in cell viability in A549 

cells can also be an evidence of cellular stress. 

 

MTT assay exploits the reduction of the soluble tetrazolium compound into an insoluble 

formazan by viable cells, through the action of NAD(P)H-dependent oxidoreductase 

enzymes in the mitochondria. Under normal conditions, only viable cells would be able 

to reduce the compound. Nevertheless, the activity of these enzymes may be increased 

due to increased cellular stress (Lahtvee et al. 2016). While in other reports, the increase 
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of membrane damage have been showed to increase intracellular NADH, which in turn, 

may enhance MTT reduction in primary cells (Jo et al. 2015). Hence, in order to minimise 

the effect of cellular stress causing false cell viability signal, other ways to measure the 

conditions of the cells such as cell proliferation assays can be employed. Proliferation 

assay measures cell division, hence it might be unsuitable in cells that do not divide 

including THP1 cells following differentiation. Alternatively, MTT cytotoxicity data can 

be complemented with simple cell counting techniques such as trypan blue exclusion 

assay which relies on the uptake of trypan blue into membrane disrupted cells (Strober 

2015). By comparing with another cell viability assay, false cell viability signal could be 

accounted.  

 

5.3. NF-κB related responses 

Cellular responses to external stimuli or molecules can be broadly classified into three 

categories: (I) little response, (II) acute cellular stress and (III) cell death. Cell death can 

be considered as the final and most extreme case of cellular stress, as the metabolic 

changes occurring within the cellular machinery become irreversible. 

 

In the previous section 5.2. Cytotoxicity of transfection reagents, it was demonstrated 

that NA delivery using some transfecting agents can be associated to cell death. However, 

little is known about the molecular pathways involved in the response to these delivery 

systems that eventually leads to stress-related responses. Several immune responses 

pathways converge into NF-κB activation (Mercurio and Manning 1999). The pathway is 

considered one of the most important cellular pathways that regulate cell behaviour upon 

viral infection leading to responses such as inflammation and apoptosis (T. Liu et al. 2017). 

Taking this into consideration, the effect of the different delivery agents in NF-κB nuclear 

translocation was investigated. 
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5.3.1. Optimisation steps (concentration and time response) 

In order to use NF-κB immunostaining techniques to investigate cellular stress caused by 

NA delivery via different delivery agents, some preliminary studies were done to confirm 

the efficacy of the method. These studies include the choosing an activator of the NF-κB 

pathway and determining the most appropriate timepoints. Moreover, one possible 

outcome of NF-κB pathway activation is apoptosis (Barkett and Gilmore 1999), hence 

part of the optimisation process was in determining the most suitable concentration of 

TNFα treatment to induce NF-κB translocation without causing significant cell death.  

 

A titration study involving TNFα of several concentrations (0 to 500 ng/ml) was 

performed in HEK293T cells.  After 1 hour of treatment, NF-κB translocation was 

analysed using immunofluorescence staining technique. The level of NF-κB activation 

was calculated using Mander’s coefficient. The results shown in figure 5.3A suggests that 

both 200 ng/ml and 500 ng/ml TNFα treatment caused a nuclear translocation of NF-

κB with Mander’s coefficient between nuclear stain Hoescht 33342 and NF-κB protein 

above 0.8. Since no significant difference was verified between 200 ng/ml and 500 ng/ml 

TNFα, the lower concentration was chosen to reduce possible cytotoxic effects reported 

in the literature when 500 ng/ml induced cellular apoptosis in some primary cells 

(Backman, Eriksson, and Danielson 2014). 

 

The translocation of the NF-κB into the nucleus is a time-dependent process; therefore, 

it is of particular interest to investigate the timepoint in which NF-κB shows the greatest 

response following an experimental treatment. For this purpose, a similar titration 

experiment was performed using 200 ng/ml TNFα at different time points ranging from 

30 minutes to 4 hours (figure 5.3B). The data obtained suggests that the highest amount 

of NF-κB nuclear translocation was observed 30 minutes after treatment with TNFα. 
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Longer incubation times resulted in a progressive decrease of the mander’s coefficient. 

Therefore, it was decided that 30 minutes was the optimal incubation time in order to 

assess.  

 

Figure 5.3 – Preliminary assays to determine TNFα concentration (A) and treatment time (B) to trigger 

NF-κB nuclear translocation. Representative confocal images of TNFα nuclear translocation (C) at 

different time points. Scare bar = 25 µm 

Discussion: There are two common inducers of the NF-κB pathway activation: 

lipopolysaccharide (LPS) from E. Coli and tumour necrosis factor alpha (TNFα). Both 

inducers cause phosphorylation of IκB that leads to ubiquitination and eventual 

degradation (T. Liu et al. 2017). Following the loss of IκB within the IKK complex, NF-

κB is translocated into the nucleus and induce up-regulation of inflammatory genes. 

However, these activators act on different receptors. Activation by LPS require TLR4, 

which is not expressed in some cell types including HEK293T cells (H. Yang et al. 2000). 
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On the other hand, receptors for TNFα (TNFR1/TNF2) are present on cells used for 

the current studies (HEK293T and FaDu) (Sedger and McDermott 2014).  For these 

reasons, TNFα was chosen as a positive control treatment for NF-κB activation studies. 

 

In short, the condition for the positive control for NF-κB translocation studies was 

dependent on various factors. Firstly, unlike LPS (not shown), the receptors for TNFα 

were present in HEK293T cells. Secondly at 200ng/ml TNFα concentration NF-κB 

activation was able to induce as much nuclear translocation as TNFα at higher 

concentration. Finally, the treatment for 30 minutes showed to be the most effective 

length of time across the timepoints tested. In conclusion, 200ng/ml of TNFα for 30min 

was the condition used to induce NF-κB activation as a positive control in the later 

experiments.  

 

5.3.2. NF-κB nuclear translocation 

In order to indirectly measure the cellular stress caused by pDNA delivery using 

Lipofectamine, jetPEI or polymersome, NF-κB protein nuclear localization was 

monitored using immunofluorescence. Since preliminary data suggest that NF-κB 

translocation peaks within the first hour of being challenged with agonist of NF-κB 

pathway such as TNFα; NF-κB translocation was monitored following pDNA delivery 

via the different delivery agents for 30min, 1 hr and 3 hrs. Colocalization is expressed in 

Mander’s coefficient and normalised to TNFα condition.  Data obtained is shown in 

figure 5.4 which shows the colocalization for the nuclear stain and NF-κB protein 

normalised to TNFα. 
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Figure 5.4 – NF-κB nuclear translocation assays in FaDu (A), HEK293T (B), THP1 (C) and HDF (D) cells 

up to 3 hours pDNA post delivery. Conditions tested: Lipofectamine (Lipo.), jetPEI, loaded polymersomes 

(l.p.) and empty polymersomes (e.p.) (n=3). 

In all cell types, jetPEI delivery of pDNA led to an equal or greater colocalization of 

nuclear stain and NF-κB compared to Lipofectamine, with the exception of HDF cells at 

30 mins and HEK293T cells. Polymersomes loaded with pDNA always showed 

considerable NF-κB activation in different cell types, while empty polymersomes had the 

opposite effect, with the exception of HEK293T cells after 3 hours incubation. In 

addition, it is evident that THP1 cells show a high nuclear translocation throughout 

different time points, followed by HDF cells at 50% to 80% and HEK293T cells at 40% 

to 70%.  In contrast, FaDu cells showed relatively less NF-κB translocation with 

Lipofectamine and jetPEI up to 3 hours.  
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Transfection using commercially available delivery agents (i.e. Lipofectamine and jetPEI) 

usually require treatment for 24 hours before fluorescence detection. Hence a further set 

of experiments with a similar experimental setup was performed to monitor NF-κB 

nuclear translocation after 24 hours of nucleic acid delivery. In this experiment, 2 

concentrations of delivered pDNA: 1µg/ml and 2µg/ml. The results are shown in figure 

5.5. 

 

The increase in pDNA concentration did not seem to have a significant effect on NF-κB 

nuclear translocation across all experimental groups. In both FaDu and HEK293T cells, 

the relative translocation of NF-κB nuclear translocation showed to be significantly 

reduced at 24 hours, with an average of 20% of translocation compared to TNFα. On 

the other hand, NF-κB nuclear translocation of both THP1 and HDF cells remained 

significantly higher compared with FaDu and HEK293T cells post 24 hours delivery 

(with 90% to 100% NF-κB translocation in most cases with THP1 cells and up to 75% 

in HDF cells). Similar to the previous set of experiments, empty polymersomes did not 

trigger much NF-κB response, except at the higher concentration in HDF cells which 

showed to reach 50% translocation. Representative confocal images of FaDu and THP1 

cells are shown in appendix 6. 
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Figure 5.5 – NF-κB nuclear translocation assays in FaDu (A), HEK293T (B), THP1 (C) and HDF (D) cells 

up to 24 hours pDNA post delivery. Conditions tested: Lipofectamine (Lipo.), jetPEI, loaded 

polymersomes (l.p.) and empty polymersomes (e.p.) (n=3). #concentrations of empty polymeromes are 

matched with the same concentrations used in loaded polymersomes. 

 

Discussion:   

An interesting feature found in most cell types is that empty polymersome did not cause 

NF-κB activation; however, when DNA has been encapsulated within the polymersomes, 

some NF-κB activation was verified. This further confirms the findings from figure 5.2 

highlighting the effect of pDNA molecule itself leading to cellular stress and cytotoxicity. 
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5.3.3 SEAP reporter assay: HEK293-Blue and THP1-Blue cells 

Two reporter cell lines that allow monitoring of NF-κB activation were used to confirm 

the results obtained from immunofluorescence experiments. Based on previous results, a 

cell that showed NF-κB translocation (THP1) and one that did not (HEK293T) were 

selected. The reporter cell lines, known as HEK-Blue and THP1-Blue, are modified cells 

that stably express NF-κB inducible secreted embryonic alkaline phosphatase (SEAP) 

reporter gene. The extent of NF-κB nuclear translocation is indirectly measured by the 

release of SEAP into the cell media. 

 

Previous results based on immunofluorescence assays revealed that different cell types 

exhibit altered levels of NF-κB nuclear translocaton upon intracellular delivery of 

exogenous DNA.  In particular, THP-1 and HEK293T cells exhibited either a marked or 

a mild NF-κB translocaton, respectively. In order to confirm these observations, two 

reporter cell lines that allow for the precise quantification of such translocation were 

employed. These cells lines are modified to stably express NF-κB-inducible secreted 

embryonic alkaline phosphatase (SEAP) reporter gene, which is then quantified by a 

colorimetric assay that measures the release of SEAP in the media.  

 

Following the delivery of 1µg/ml pDNA via different delivery agents, SEAP detection 

within the media was performed using colorimetric enzyme assay at different time points 

from 30 minutes up to 30 hours. Results obtained are shown in figure 5.6. 
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Figure 5.6 – SEAP reporter assay to measure NF-κB translocation in HEK (A) and THP1 (B) cells 

following delivery of pDNA via different transfection agents up to 30 hours. Conditions tested: TNFα, 

Lipofectamine (Lipo.), jetPEI, loaded polymersomes (l.p.) and empty polymersomes (e.p.) (n=3). 

In HEK-blue cells, only TNFα caused SEAP production and release to cell media from 

4 hours onwards peaking at 24 hours with a 600% SEAP activity compared to the control 

group. In contrast, THP1-blue cells showed SEAP production in all experimental 

conditions with the exception of empty polymersomes. Despite not producing the same 

amounts of SEAP as TNFα (with a peak at 550% at 24 hours), pDNA delivered by 

Lipofectamine, jetPEI and polymersomes induced SEAP release started from 3 hours 

post incubation,  and peaked at 24 hours with a 300% SEAP activity. In both cell types, 

empty polymersomes did not cause SEAP production. 
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Discussion:  

The results obtained from these modified cells that express NF-κB inducible SEAP are 

in accordance with the previous NF-κB immunostaining experiments. In both cases, 

HEK293T and HEK-blue cells showed no or very little activation following pDNA 

delivery via different delivery agents. Where there have been NF-κB translocation in the 

early time points in HEK293T cells, nuclear NF-κB levels have dropped back to lower 

levels after 24 hours. This could be attributed to endogenous fluctuation in NF-κB 

nuclear translocation due to physiological cellular activities. On the other hand, THP1 

and THP1-blue cells showed substantial NF-κB nuclear translocation. In immunostaining 

experiments, the nuclear translocation of NF-κB can be detected from 30 minutes. The 

colocalization of nuclear stain and NF-κB protein remained high after 24 hours. There is 

a time lag between the first signs of NF-κB activation in both experiments, but these can 

be explained by the fact that in immunostaining a real time visualisation of the protein is 

possible, whereas in SEAP reporter cells, SEAP production only happens following NF-

κB gets translocated into the nucleus and, SEAP production and excretion into the cell 

media requires time. 

 

5.4. Gene expression studies 

Several cellular pathways that recognise non-self genetic material have been identified. 

They are often activated by viruses; thus, often referred as antiviral responses. As 

discussed earlier in the introduction, there are mainly 3 types of antiviral pathways: TLR, 

NLR and RIG-I (Jensen and Thomsen 2012). In order to isolate potential cellular 

pathways, gene expression associated with TLR, NLR and RIG-I were monitered after 

pDNA delivery via different delivery agents at 2 different time points. The genes 

monitored and their function in antiviral responses are shown in table 5.1. 
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Table 5.1 – Antiviral response genes monitored and their respective functions. 

Gene type Gene Function 
Toll-like 
receptor 
(TLR) 
signalling 

NFKB1 transcription factor, 200 genes regulated by nfkb1 
CXCL11 induced by IFN-γ and IFN-β, CXCL11 is 

chemotactic for activated T cells, activates CXCR3/7 
receptors 

IL6 pro-inflammatory cytokine 
NOD-like 
receptor 
(NLR) 
signalling 

NLRP3 inflammasome, endosomal damage, regulates casp1 

RIG-I-like 
receptor 
signalling 

DHX58 
(LGP2) 

producing effective antiviral responses against many 
viruses that are recognized by RIG-I and MDA5 

IFIH1 
(MDA5) 

RIG-I-like receptor, sensor for dsRNA (viruses) 

TRIM25 activates IFN response when antibodies are detected 
in external maternal within cell, interact with RIG-I 

MAP3K1 induces NF-κB 
 

5.4.1. Optimisation experiments 

5.4.1.1. Searching for suitable reference conditions 
 
As seen in earlier (section 5.3. NF-κB related responses), TNFα is a potential candidate 

to use as a positive control in gene expression experiments. In this experiment, 2 genes 

related to the NF-κB pathway were monitored by PCR: NFKB1 and IL6 following 4 

hours of treatment with a range of TNFα concentrations (10 ng/ml to 200 ng/ml) as 

shown in figure 5.7. Upregulation was seen on both genes as a function of TNFα 

concentration, reaching a 2-fold increase in NFKB1 and 1-fold increase in IL6 at 200 

ng/ml. Although these results suggest that the higher the concentration of TNFα the 

more pronounced the changes in gene expression are, concentrations at 500 ng/ml is 

avoided as it might induce apoptosis following long term incubation. For these reasons, 

200 ng/ml TNFα was chosen as a reference for gene expression studies. 
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Figure 5.7 – The effect of different concentrations of TNFα on NFKB1 and IL6 genes at 4 hours in 

HEK293T cells. Gene expression is expressed as fold-change. Housekeeping gene used: RLP13a.  

 

5.4.1.2. Gene expression kinetics 

Different genes may take different times to respond to a particular stimulus (Yosef and 

Regev 2011). Thus, determining a time point to study the gene expression changes for 

individual genes is encouraged. For this reason, a kinetic study on gene expression was 

performed to classify the genes of interest into 2 categories depending on their 

promptness in response following stimuli. Based on data available in the literature, the 

genes were preliminary sorted into “quick acting” and “slow acting” groups that showed 

peak response before and after 6 hours of stimulus, respectively. Some genes may have 

more than one peak of the expression or sustained expression following a stimulus 

leading to more than a single most suitable timepoint to study.  

 

RT-PCR experiments were performed to confirm the best time point these genes respond 

upon TNFα treatment (the reference for cellular stress chosen) at different time points. 

Genes that were in the quick acting group were treated with TNFα for 30min to 4 hours, 

whereas genes in the slow acting group were treated with TNFα for 5 hours up to 8 hours. 

The results are presented in figure 5.8. 
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Figure 5.8 – Kinetic studies of response time of antiviral genes. TNFα at 200ng/ml was used to induce 

upregulation of antiviral genes in HEK293T cells to determine the best time point to assess gene expression 

changes. 

The data obtained suggest that all “quick acting genes”, with the exception of IL6, showed 

at least a 1-fold increase in expression after 4 hours of TNFα treatment. On the other 

hand, within the “slow acting genes”, TRIM25, MDA5 showed up to 2-fold increase in 

expression after 8 hours of treatment with TNFα. Interestingly, CXCL11 expression 

almost doubled compared to 4 hours reaching 4-fold increase compared to untreated cells. 

However, LGP2 and MAP3K1 showed little change in expression throughout. These 

experiments allowed the confirmation of literature data as well as determining the most 

suitable timepoints for RT-PCR studies among the genes of interest as shown in figure 

5.9. 
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Figure 5.9 - Genes selected for monitoring separated by their response time. 

 
5.4.2. Immortalised cell types 

The effects of pDNA delivery via different vectors in FaDu cells are shown in figure 

5.10A (4 hours) and 5.10B (8 hours). Both IL6 and CXCL11 were highly upregulated 

when treated with lipofectamine. The upregulation of these genes was maintained at 8 

hours as suggested in figure 5.10B. Again, when cells were treated with encapsulated 

polymersomes upregulation of NFKB1 gene was verified, but not when treated with 

empty polymersomes. It is worth to mention that treatment with empty polymersomes 

appear to significantly downregulate all quick acting genes tested. 

 

The gene response in HEK293T cells had similar trends with FaDu cells. At 4 hours 

(figure 5.10C), a 1-fold increase in IL6 and CXCL11 expression was verified when pDNA 

was delivered via jetPEI. The upregulation of these genes was even more prominent when 

pDNA was delivered by lipofectamine, reaching 2.5-fold increase in both cases. With the 

exception of polymersome delivery, both Lipofectamine and jetPEI delivery showed a 

higher upregulation compared to the reference condition of TNFα. Another remarkable 

finding is the upregulation of the NFKB1 gene by 1-fold when pDNA was delivered via 
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encapsulated polymersome, the change however was not seen in cells treated with empty 

polymersomes (figure 5.10C). The upregulation of both CXCL11 and IL6 almost 

doubled to 4-fold and 2-fold respectively when treated with lipofectamine and jetPEI for 

8 hours (figure 5.10D). At the later time point, another 2 genes were upregulated 

following treatment with both commercial delivery agents, these were MDA5 and LGP2. 

The only gene which underwent a downregulation at all conditions was TRIM25. 

 

Figure 5.10 - Changes in gene expression in immortalised cell lines (n=3) 
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Figure 5.10 (cont.)- Changes in gene expression in immortalised cell lines. (reference treatment: 200ng/ml 

TNFα; lipo.: 1µg/ml DNA complexed with lipofectamine; jetPEI:1µg/ml DNA complexed with jetPEI; 

e.p.: 0.5mg/ml empty polymersomes; l.p.: 0.5mg/ml loaded polymersome, DNA present in loaded 

polymersomes is 1µg/ml) (n=3). 

 

HeLa cells responded similarly to pDNA delivered via the different delivery agents at 4 

hours (figure 5.10E); both CXCL11 and IL6 were slightly upregulated when pDNA was 

delivered by jetPEI (1-fold) whereas with Lipofectamine, a 3-fold and 2-fold increase in 

expression was verified respectively. At 8 hours (figure 5.10F), there was a significant 

increase in expression in CXCL11 (5-fold), LGP2 (5-fold) and MDA5 (6-fold) when 

pDNA was delivered with both commercial transfection reagent. In addition, 
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Lipofectamine delivery led to a 4-fold upregulation in IL6 expression at 8 hours. At both 

timepoints, loaded and empty polymersomes did not cause significant changes in gene 

expression in the genes of interest. 

 

In A549 cells, there was a 2-fold increase in IL6 expression and 1-fold increase in 

CXCL11 expression at 4 hours in both lipofectamine and jetPEI (figure 5.10G). The rest 

of the experimental conditions did not cause major changes in gene expression. However, 

the effect of TNFα at 4 hours was high with significant upregulation in genes such as 

CXCL11 (10-fold), IL6 (6-fold), NFKB1 (2-fold) and NLRP3 (2-fold). At 8 hours (figure 

5.10H), IL6 overexpression remained roughly at 2-fold in both lipofectamine and jetPEI, 

while CXCL11 upregulation reached 2-fold increase. Two more genes were shown to be 

upregulated following treatment with TNFα: LGP2 (6-fold), MDA5 (6-fold) and TRIM25 

(2-fold). In contrast treatment with empty polymersomes for 8 hours lead to a 

downregulation of all antiviral genes tested.  
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5.4.3. THP1 (immune) and HDF (primary) cell types 

 

Figure 5.11 – Changes in gene expression in THP1 (A and B) and HDF (C and D) cells. (reference treatment: 

200ng/ml TNFα; lipo.: 1µg/ml DNA complexed with lipofectamine; jetPEI:1µg/ml DNA complexed with 

jetPEI; e.p.: 0.5mg/ml empty polymersomes; l.p.: 0.5mg/ml loaded polymersome, DNA present in loaded 

polymersomes is 1µg/ml) 

 
In contrast to all cells discussed so far, THP1 cells showed substantial upregulation in 

both 4 and 8 hours treatment with different delivery systems. At 4 hours (figure 5.11A), 

CXCL11 and IL6 showed almost 10-fold upregulation with lipofectamine and jetPEI, 

while NLRP3 and NFKB1 had 2-fold and 4-fold upregulation respectively. Both loaded 

and encapsulated polymersomes showed 5 to7-fold overexpression in IL6 and almost 5-

fold overexpression in NFKB1 at 4 hours. At 8 hours (figure 5.11B), IL6 upregulation 
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remained at 10-fold increase whereas CXCL11 reached 13-fold upregulation with 

lipofectamine and jetPEI. The same delivery agents led to an average of 5-fold increase 

in expression in LGP2, MDA5 and TRIM25 at 8 hours. Upregulation in IL6 remained at 

5-fold increase with loaded and empty polymersomes. 

 

Similar to THP1 cells, HDF showed a very prominent changes in gene expression. Again, 

at 4 hours (figure 5.11C), Lipofectamine and jetPEI caused significant upregulation of 

CXCL11 (10-fold), IL6 (5-fold), MAP3K1 (7-fold), NFKB1 (5-fold) and NLRP3 (4-fold). 

There were little changes in gene expression in loaded and empty polymersomes, with 

the exception of downregulation of CXCL11 (3-fold decrease) in both conditions. At 8 

hours (figure 5.11D), the upregulation of CXCL11 reaches 15-fold and IL6 reaches 10-

fold with Lipofectamine and jetPEI. The other three genes: LGP2, MDA5 and TRIM25 

showed upregulation of 5-fold, 10-fold and 5-fold respectively in both Lipofectamine and 

jetPEI. There was also upregulation in CXCL11 (3-fold) at 8 hours following treatment 

with pDNA loaded polymersomes.  

 

Discussion: 

The gene expression studies were performed using RT-PCR, a standard technique used 

to detect RNA expression. A relative quantification method was used whereby expression 

of a particular gene following a treatment is expressed in relation to the negative control 

(untreated cells). Unlike the NF-κB activation studies, there is no precise positive control 

for these studies as RT-PCR experiments do not have an expected outcome: expression 

of genes can be upregulated or downregulated in several folds. Hence, in order to put the 

results into context, a treatment that induces cellular stress was included in the 

experimental design. The changes in expression of genes of interest can be compared 
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against both the negative control (untreated cells) as well as a common cell stress inducer, 

TNFα in this case. 

 

There are mainly 2 interesting observations from the PCR gene expression studies: the 

significant upregulation of CXCL11 and IL6 in both time points in all cell types, and the 

much prominent extent of upregulation in genes of interest verified in THP1 (immune 

cells) and HDF (primary cells).  

 

Across all cell types, the delivery of pDNA via lipofectamine and jetPEI caused some 

upregulation in MAP3K1 and NFKB1 genes at 4 hours, but substantial upregulation of 

CXCL11 and IL6 at both time points. The first two are genes involved in the downstream 

cascade of TLR receptors, whereas the latter two are TLR signalling responsive genes. 

These results suggest that genes involved in TLR signalling pathway have been up-

regulated. As discussed earlier in the literature review (section 2.4.1. Membrane-bound 

sensors: Toll-like receptors), TLR signalling pathway is responsible for sensing nucleic 

acids present in endosomal compartments through TLR receptors that are found 

embedded in the endosomal membrane (Akira and Takeda 2004).  Since both delivery 

agents enters the cells via endocytosis, it is expected that most pDNA will be found within 

endosomes before they are released into the cytosol. It is therefore not surprising that 

genes involved in TLR signalling may be upregulated in response to the increase in nucleic 

acid in the endocytic compartments. Besides, as more and more pDNA are taken up via 

endocytosis, a positive feedback loop may be set up leading to an increase in gene 

expression upregulation from 4 to 8 hours. On the other hand, loaded polymersomes did 

not seem to cause upregulation of CXCL11 and IL6 to the same extent. One possible 

explanation is the DNA residence time within the endosomes is different depending on 

the delivery agent and hence the intracellular feedback varies according to the delivery 
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agent. As the pH drops below pKa of polymersomes at endosomal comparments, the 

polymeric vesicles will dissemble and the sudden increase in osmotic pressure would 

cause endosomal lysis (Hannah Lomas et al. 2010). Since TLR are found embedded 

within endosomal membrane, pDNA recognition by these receptors will only be possible 

before endosomal membrane rupture. In effect, pDNA delivered by polymersomes will 

is only present in intact endosomal compartments so briefly that TLR pathway is not 

activated. 

 

Although the data obtained from the PCR experiments agree with the hypothesis that 

pDNA can be detected by TLRs within the endosomal compartments, it cannot rule out 

the possibility of other cellular events that could cause the upregulation of CXCL11 and 

IL6. CXCL11 is a cytokine which is strongly induced by interferon responses (C. H. Yang 

et al. 2007), which can be induced by type I interferon responses through interferon alpha 

(IFN-a) and beta (IFN-b). These responses are caused by cellular recognition of viral 

particles, or induced by type II interferon response through interferon gamma (IFN-y) 

that is vital in adaptive and innate immune system to fight against viral and bacterial 

infection (Antonelli et al. 2013).  Apart from TLR signalling pathway, there are also a 

range of pathways that may induce interferon responses including RLR signalling and 

thus leading to upregulation of CXCL11 (Yuzawa et al. 2008). On the other hand, IL6 is 

a pro-inflammatory cytokine which plays an important role in inflammation and host 

defence against pathogens such as viruses. One of the roles of IL6 is to promote the 

differentiation of immune cells during viral infection (Karnowski et al. 2012). The 

inflammasome acts as a warning signal in response to a range of cellular events such as 

the recognition of PAMPs through TLR, RLR and NLR signalling pathways as well as by 

cytosolic DNA receptors (Tanaka, Narazaki, and Kishimoto 2014). Thus, by examining 

at the PCR gene expression data, it may not be conclusive whether the delivery of pDNA 
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by the different delivery agents does indeed activate TLR signalling pathway alone. In 

addition, the sole activation of TLR signalling is not likely since other TLR signalling 

related genes tested (MAP3K1 and NFKB1) only showed very small upregulation in 

expression following pDNA delivery. 

 

The second major observation is the difference in scale of upregulation between 

immortalised cells lines (FaDu, HEK293T, HeLa, A549) and immune cells (THP1) or 

primary cells (HDF). Following delivery of pDNA, the upregulation of antiviral genes in 

immortalised cell lines are in the range of up to 4-fold, while same genes in THP1 and 

HDF cells show a 5 to 15-fold increase in expression. These differences suggest that both 

THP1 and HDF cells are much more sensitive in detecting extracellular nucleic acids.  

 

In order to understand the differences in antiviral response or nucleic acid sensing 

between the immortalised cells lines and THP1 or HDF cells, the cellular biology of 

immortalised cells must be discussed. These cells lines, as their name suggest, possess the 

ability to keep dividing without entering cellular senescence, the process in which cells 

stop dividing in a state of growth arrest. This is usually acquired through mutations in the 

cell cycle. Two major proteins are involved in this process, the tumour suppressor p53 

and retinoblastoma protein (pRb). These proteins are able to detect the shortening of 

telomeres each time the genome is replicated (i.e. when the cell divides), and when 

telomeres shortens to a specific length, the proteins halt cell cycle which eventually leads 

to growth arrest (Beauséjour et al. 2003). One of the most common biological changes 

during carcinogenesis is the inactivation of one or both of these proteins as verified in 

cancer cell lines such as FaDu, HeLa and A549 either by mutation or viral infection. FaDu 

cells have previously been reported to express similar levels of p53 to normal cells, 

however a point mutation was identified which lead to dysfunctional p53 proteins (Min 
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et al. 1994). In some cases, the inactivation of p53 or pRb proteins may be caused by viral 

infection. Taking HeLa cells as an example: during the infection of the cervical cells by 

HPV18 virus, the viral protein E6 is known stimulate p53 degradation through 

ubiquitination (Crook, Tidy, and Vousden 1991), while viral protein E7 inactivates pRb 

by disrupting its interaction with transcription factors required for cell division and 

degradation (Gonzalez et al. 2001). Similarly, the immortalisation process of HEK293 

cells employs hAd5 virus which possess genes encoding for viral protein E1A also capable 

to inhibit pRb through similar mechanisms of E7 (McLaughlin-Drubin and Münger 2009). 

Thus, all immortalised cell lines studied have an impaired cell cycle through the inhibition 

of one or both proteins. 

 

The relationship between cellular senescence and antiviral immunity remains little 

debated. In recent years, the hypothesis that immortalisation of cells hinders antiviral 

responses to extracellular nucleic acids has been explored. It has been postulated that 

cellular senescence was an antiviral mechanism (Reddel 2010). Several observations 

supports this hypothesis: the prolonged activation of cytokines during antiviral response 

leading to senescence (Moiseeva et al. 2006); the release of cytokines by viral infected cells 

to induce senescence in neighbouring cells and development of mechanisms that 

overcome senescence (Kuilman et al. 2008) and the fact that many viruses have developed 

mechanisms that counteract cellular senescence through the modulation of p53  and pRb 

protein as mentioned earlier which may also affect cellular responses to viruses and 

extracellular nucleic acids.  

 

The tumour suppressor protein p53 can also be directly activated by DNA damage 

leading to the upregulation of apoptotic genes (Riley et al. 2008). Apart from DNA 

damage, it has been suggested that viral infection may also trigger type I interferon 
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responses (Kulaeva et al. 2003) as well as  apoptosis through p53 pathway (Takaoka et al. 

2003). Similar to p53 protein, pRb protein also regulates immune signalling molecules 

and plays a crucial role in type I interferon responses (Hutcheson, Witkiewicz, and 

Knudsen 2015) and NF-κB activation (Garcia et al. 2009). Hence it is not surprising that 

the loss of functional p53 and/or pRb in immortalised cells might have hindered the 

responses following viral infection and sensing of extracellular nucleic acids.  

 

Despite the fact that THP1 cells are derived from a case of monocytic leukaemia, the data 

suggest that immortalisation of these cells does not have an effect on antiviral response 

pathways. Similarly, there are no reports in the literature that HDF cells have a hindered 

immune system nor alterations in cellular senescence machinery. In fact, these cell types 

must have these functioning immune response pathways due to their physiological roles. 

Fibroblasts are barrier cells and their contribution in inflammatory responses have been 

previously demonstrated (Van Linthout, Miteva, and Tschope 2014).  On the other hand,  

THP1 cells are widely used to explore monocyte and macrophage function due to high 

resemblance with primary monocytes and macrophages (Chanput, Mes, and Wichers 

2014). The close involvement of these cells in the immune system suggest that these cells 

may have a more sensitive immune sensing machinery compared to other primary cells. 

In order to confirm this, other types of primary cells that are not associated with 

inflammatory or immune response can be explored.  
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5.5. Western blot studies for STING protein detection 

Results from the PCR gene expression studies were unable to identify the particular 

antiviral response that is involved in pDNA delivery via different delivery agents. A 

further DNA sensing pathway exists, known as the cGAS/STING pathway. This 

pathway is mainly activated by DNA molecules found in the cytosol. The different cell 

types were subjected to immunoblotting for STING protein, the vital protein in the 

cGAS/STING pathway.  

 

Figure 5.12 – Western blot of STING protein across different cell types. Protein were extracted from 

unstimulated cells to measure levels of STING protein at basal levels. Cyclophylin A was used as 

Housekeeping protein. 

The results obtained from immunoblotting experiments are displayed in figure 5.12. As 

expected, the cells which exhibited the most STING protein expression were the THP1 

and HDF cells with a relative expression of 25-times higher compared to the 

housekeeping protein used (Cyclophylin A). Interestingly, HeLa cells also displayed some 

STING protein expression 5 times higher than the housekeeping protein. A549 and FaDu 
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cells showed negligible expression of STING protein, while the protein was not detected 

in HEK293T cells. 

 

Discussion:  

Apart from the main antiviral response pathways investigated earlier in the PCR gene 

expression studies, the cGAS/STING pathway is an alternative DNA sensing pathway 

which is believed to trigger IFN and NF-κB responses as discussed in earlier (section 

2.4.3. Cytosolic sensors (DNA sensors)).  

 

The western blot data obtained were in accordance with literature data available for THP1 

and HEK293T cells (Lijun Sun et al. 2013), HeLa cells (Nagarajan Prantner et al. 2014), 

HDF cells (Kim, Seong, and Shin 2016) and A549 cells (Qiu et al. 2017). No information 

was found regarding the presence of STING protein in FaDu cells. In short, these data 

further strengthen the previous hypothesis on the correlation between antiviral responses 

and transfection efficiency. Moreover, the presence of the STING protein shown in this 

section is also correlated with gene expression studies where THP1 and HDF cells are 

exhibited a 5 to 15-fold increase in expression in antiviral genes following pDNA delivery 

(section 5.4.3. THP1 (immune) and HDF (primary) cell types) 

 

The lack of antiviral pDNA response in HeLa despite small amounts of STING protein 

present can also be justified by the viral oncogenes that have caused its immortalisation 

also discussed earlier in section 5.4.3. The same viral oncogene that disrupt pRb signalling 

pathway in HeLa cells, E7, have been reported to also disrupt cGAS-STING pathway 

through its interaction with the STING protein (Lau et al. 2015). In the same studies, the 

other viral oncogene E1A which disrupts p53 pathway has also been showed to cause 

blockade of the cGAS-STING pathway. Therefore, it is not surprising that cGAS-STING 
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pathway is not activated in HeLa cells despite the presence of small amounts of STING 

protein. 

 

The current experimental set up is only able to quantify STING protein expression at 

basal levels. In some cells, the expression of proteins is dependent on external stimulus. 

As discussed earlier (section 5.4.3. THP1 (immune) and HDF (primary) cell types), THP1 

and HDF cells are associated with immune responses, thus a high basal levels of STING 

expression is not surprising. Nevertheless, the lack of STING protein in other cell types 

at basal levels does not necessarily indicate that these cells do not express STING 

altogether. A complementary experiment involving inducing antiviral response using 

STING agonists could be set up to test whether cells that do not show STING expression 

at basal levels would start expressing them when required. Since there are several DNA 

sensors including cGAS, DAI, DDX41 and IFI16 that converge into STING pathway, 

the expression of these proteins may also be monitored using western blot to have a 

clearer picture on the STING pathway and its correlation with transfection. 

 

5.6 Effect of STING inhibitors in transfection efficiency studies 

As more evidence is gathered between the correlation of nucleic acid sensing and the 

efficiency to transfection, it is of particular interest to explore whether hindering antiviral 

pathways could improve transfection efficiency in cells.  In order to do so, it was decided 

to investigate the ability of 4 compounds that modulate antiviral responses to affect 

transfection efficiency. The compounds studied include DNA competitive inhibitor A151, 

STING pathway inhibitor BX795, antiviral compound curcumin as well as a β-catenin 

inhibitor iCRT 14. 
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RPRE-GFP pDNA was delivered via different delivery agents (Lipofectamine, jetPEI or 

loaded in polymersomes) in the presence of antiviral response inhibitor. The transfection 

efficiency was measured following 24 hours of delivery. A series of MTT cytotoxicity 

tests were also performed in all 6 cell types for the antiviral response inhibitors. Figure 

5.13 shows the fold changes in GFP expression according to different delivery agents 

following the incubation with antiviral response inhibitors as well as the MTT cytotoxicity 

assay results. 

 

In FaDu cells (figure 5.13), 1 µM iCRT 14 was able to improve transfection with 

Lipofectamine 1.5-fold compared to cells not treated with iCRT 14, but at 10 µM GFP 

fluorescence dropped to 1-fold increase. Curcumin at both concentrations (1 µM and 

10uM) induced a 1-fold increase in GFP expression with Lipofectamine. Despite also 

inducing a 1-fold increase in fluorescence in Lipofectamine delivery, no fluorescence was 

detected when FaDu cells were treated with A151 at 10 µM. Lastly, BX795 did not cause 

significant improvement in fluorescence signal at 1 µM, whereas a significant drop was 

verified when 10 µM of BX795 was used together with lipofectamine delivery compared 

to control. Delivery of plasmid via jetPEI showed a 25% to 30% improvement in 

transfection in 1 µM of iCRT, Curcumin and BX795. However, when these treatment 

conditions were increased to 10 µM, GFP detected was less than PBS control condition. 

A151 did not improve transfection efficiency when pDNA was delivered via jetPEI. 

However, A151 decreased fluorescence signal considerably at 1 µM, and no fluorescence 

was detected at 10 µM. When pDNA was delivered as loaded polymersomes, 1 µM A151 

and 1 µM curcumin caused a 30% to 50% increase in fluorescence signal, which was loss 

when treatment was increased to 10 µM. On the other hand, iCRT 14 and BX795 only 

showed a slight improvement (up to 20%) in transfection efficiency at 10 µM in FaDu 

cells.  
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Figure 5.13 – Effects of antiviral pathway inhibitors on transfection efficiency in FaDu cells across different 

delivery agents (n=3). 
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Table 5.2 – Statistical tests for MTT cytotoxicity data following treatment with antiviral response inhibitors 

in FaDu cells. (n.s. not significant; * P value <0.05; ** P value <0.01; *** P value <0.001) 

 

 

The statistical data obtained is presented in table 5.2. Most compounds did not cause 

significant cell death at both concentrations, with the exception of iCRT 14 which showed 

to have increased cell viability when treated without delivery agent. However, when these 

compounds were treated with delivery agent, the cellular toxicity associated with 

Lipofectamine and jetPEI in FaDu cells have decreased when incubated with iCRT 14, 

Curcumin and BX295. On the other hand, when curcumin was incubated with loaded 

polymersomes, a decrease in cell viability was shown.  

 

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
PBS vs 

Inhibitor
* n.s. n.s. n.s. n.s. n.s. n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

lipofectamine
*** * n.s. n.s. n.s. n.s. n.s. n.s.

Treatment vs 
no treatment

n.s. n.s. * n.s. n.s. n.s. n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

jetPEI
n.s. * n.s. n.s. n.s. n.s. n.s. n.s.

Treatment vs 
no treatment

* n.s. n.s. n.s. n.s. n.s. n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ

Control vs 
polymersomes

*** ** * ** n.s. n.s. n.s. *

Treatment vs 
no treatment

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

FaDu cells
iCRT Curcumin A151 BX795

BX795

iCRT Curcumin A151 BX795

iCRT Curcumin A151 BX795

Fadu polymersomes

Fadu Lipofectamine

Fadu jetPEI

iCRT Curcumin A151
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Figure 5.14 – Effects of antiviral pathway inhibitors on transfection efficiency in HEK293T cells across 

different delivery agents (n=3). 
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In HEK293T cells (figure 5.14), lipofectamine delivery treated with 1 µM and 10 µM 

BX795 improved transfection 3-fold compared to control without any inhibitor. 

Curcumin and iCRT 14 showed slight improvement of up to 50% increase in both 

concentrations, while A151 did not produce any effect at 1 µM, but fluorescence was lost 

when 10 µM A151 was used. With jetPEI, all 4 inhibitors did not improve any 

transfection efficiency. iCRT 14, curcumin and BX795 caused a decrease in fluorescence 

signal when 10 µM was used. Similar to FaDu cells, A151 seemed to cause substantial 

decrease in fluorescence at both concentrations. No changes in transfection efficiency 

was verified following polymersome delivery, with the exception of A151 at 10 µM which 

caused a significant drop in fluorescence signal. 

Table 5.3 - Statistical tests for MTT cytotoxicity data following treatment with antiviral response inhibitors 

in HEK293T cells. (n.s. not significant; * P value <0.05; ** P value <0.01; *** P value <0.001) 

 

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
PBS vs 

Inhibitor
n.s. ** n.s. *** n.s. n.s. n.s. **

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

lipofectamine
* *** *** *** * n.s. *** ***

Treatment vs 
no treatment

n.s. n.s. n.s. n.s. n.s. *** n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

jetPEI
* n.s. *** *** ** n.s. *** ***

Treatment vs 
no treatment

* n.s. ** ** * n.s. ** **

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ

Control vs 
polymersomes

n.s. n.s. n.s. n.s. * ** *** *

Treatment vs 
no treatment

n.s. n.s. * n.s. n.s. n.s. n.s. *

HEK293T cells
Curcumin A151 BX795iCRT

iCRT Curcumin A151 BX795

HEK293T Lipofectamine
iCRT Curcumin A151 BX795

HEK293T jetPEI
iCRT Curcumin A151 BX795

HEK293T polymersomes
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All inhibitors at 1 µM caused little change in cell viability as shown in table 5.3, but at 10 

µM, iCRT 14, curcumin and BX795 have induced cell death of up to 50%. When 10 µM 

A151 was incubated with Lipofectamine, the cellular viability was increased considerably 

reaching almost 70% compared to 40% when Lipofectamine was used alone. Most 

compounds caused further cellular toxicity when incubated with jetPEI, except 10 µM 

A151. While in polymersomes, no significant changes were observed. 

 

In A549 cells (figure 5.15), none of the inhibitors were able to improve Lipofectamine 

transfection. There was some increase (50%) in fluorescence signal when 10 µM iCRT 14 

or 10 µM curcumin were incubated with jetPEI delivery. When pDNA was delivered via 

polymersomes, there was a 7-fold increase when cells were incubated together with A151 

at both concentrations. Curcumin and BX795 were able to improve transfection 4-fold 

at 1 µM, but only 2-fold increase at 10 µM. On the other hand, iCRT 14 showed 

concentration dependent increase in fluorescence signal reaching 4-fold at 10 µM in 

polymersome delivery. 

 

The MTT data suggest that all compounds did not cause a significant change in cell 

viability when each experimental condition is compared to its PBS control (with the 

exception of polymersomes where cytotoxicity was observed, table 5.4). In other words, 

the addition of the antiviral response inhibitors did not cause further cytotoxicity in cells 

treated with lipofectamine and jetPEI. 
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Figure 5.15 – Effects of antiviral pathway inhibitors on transfection efficiency in A549 cells across different 

delivery agents (n=3). 
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Table 5.4 - Statistical tests for MTT cytotoxicity data following treatment with antiviral response inhibitors 

in Α549 cells. (n.s. not significant; * P value <0.05; ** P value <0.01; *** P value <0.001) 

 

 

In HeLa cells (figure 5.16), the various treatments did not improve transfection efficiency 

when pDNA was delivered via Lipofectamine. There was a decrease in fluorescence when 

these cells were treated with 10 µM of the difference inhibitors. Delivery via jetPEI 

showed a 1-fold increase in fluorescence when cells were incubated with BX795 at 1 µM, 

though at a higher concentration fluorescence signal was lost. Once again, A151 did not 

improve transfection of the pDNA. Interestingly, A151 at both concentrations was able 

to improve GFP signal 1.5-fold when pDNA was delivered by polymersomes.  

 

 

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
PBS vs 

Inhibitor
* n.s. n.s. n.s. n.s. n.s. n.s. **

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

lipofectamine
*** *** *** ** *** *** *** ***

Treatment vs 
no treatment

n.s. n.s. * n.s. n.s. n.s. n.s. *

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

jetPEI
*** *** *** ** *** *** *** ***

Treatment vs 
no treatment

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ

Control vs 
polymersomes

*** *** *** n.s. *** *** *** ***

Treatment vs 
no treatment

** *** *** * * ** *** ***

A549 cells
iCRT Curcumin A151 BX795

iCRT Curcumin A151 BX795

A549 Lipofectamine
iCRT Curcumin A151 BX795

A549 jetPEI
iCRT Curcumin A151 BX795

A549 polymersomes
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Figure 5.16 – Effects of antiviral pathway inhibitors on transfection efficiency in HeLa cells across different 

delivery agents (n=3)
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Table 5.5 - Statistical tests for MTT cytotoxicity data following treatment with antiviral response inhibitors 

in HeLa cells. (n.s. not significant; * P value <0.05; ** P value <0.01; *** P value <0.001) 

 

 

In terms of cellular toxicity (table 5.5), low concentrations of inhibitor did not affect cell 

viability and 10 µM of iCRT 14, Curcumin and BX795 showed moderate toxicity (up to 

40% cell death).  The co-incubation of these compounds with different delivery agent did 

not cause significant changes in cell viability, with the exception of A151 at both 1 µM 

and 10 µM which led cell viability to reach 100% in Lipofectamine and jetPEI from its 

initial 60% viability when used alone. 

 

  

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
PBS vs 

Inhibitor
n.s. n.s. n.s. *** n.s. n.s. n.s. ***

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

lipofectamine
*** *** *** *** n.s. * n.s. n.s.

Treatment vs 
no treatment

n.s. n.s. n.s. * *** *** n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

jetPEI
*** *** *** *** *** n.s. n.s. n.s.

Treatment vs 
no treatment

n.s. n.s. n.s. ** ** ** n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ

Control vs 
polymersomes

*** *** *** *** *** *** n.s. n.s.

Treatment vs 
no treatment

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

HeLa cells
Curcumin A151 BX795iCRT

iCRT Curcumin A151 BX795

HeLa Lipofectamine
iCRT Curcumin A151 BX795

HeLa jetPEI
iCRT Curcumin A151 BX795

HeLa polymersomes
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The improvements in transfection efficiency in THP1 cells were very encouraging, 

especially with lipofectamine delivery (figure 5.17). All inhibitors at 1 µM caused at least 

a 1-fold improvement in the fluorescence signal detected when pDNA was delivered via 

lipofectamine (up to 4-fold increase with curcumin and 14-fold increase with A151). The 

relative fluorescence intensity remained at similar levels when 10uM of inhibitors were 

used, with the exception of A151 which caused the loss of fluorescence signal altogether. 

As with Lipofectamine delivery, curcumin and A151 at 1 µM were able to improve 

transfection efficiency with jetPEI, achieving a 3-fold and 2-fold improvement 

respectively. Nevertheless, the other two inhibitors did not cause increase in fluorescence 

signal at neither concentration. The fluorescence signal was significantly decreased when 

10 µM of inhibitors were used with the exception of BX795. Only two of the inhibitors 

were able to improve transfection by polymersome delivery up to 1-fold: BX795 and 

A151 at 1 µM. When the concentration of these inhibitors was increased to 10 µM, a 

further increase was observed. On the other hand, iCRT 14 and BX795 did not cause any 

changes in transfection efficiency in THP1 cells via polymersomes delivery.  

 

Most inhibitors at both concentrations did not lead to significant changes in cell viability 

in THP1 cells, with the exception of 10 µΜ BX795 which caused a decrease in cell 

viability (table 5.6). Most compounds did not improve cellular viability of the delivery 

agents neither. Nevertheless, 10 µM A151 was able to recover cell viability across 

different delivery agents. 
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Figure 5.17 – Effects of antiviral pathway inhibitors on transfection efficiency in THP1 cells across different 

delivery agents (n=3). 
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Table 5.6 – Statistical tests for MTT cytotoxicity data following treatment with antiviral response inhibitors 

in THP1 cells. (n.s. not significant; * P value <0.05; ** P value <0.01; *** P value <0.001) 

 

In HDF cells (figure 5.18), both 1uM A151 and 1 µM BX795 improved GFP signal above 

50% in lipofectamine delivery compared to PBS control, the same level of increase was 

verified when iCRT 14 was treated at 10 µM with Lipofectamine. Treatment with 

curcumin did not have an effect on transfection efficiency with lipofectamine in HDF 

cells. Fluorescence signal was dampened with 10 µM treatment with BX795 or A151 with 

lipofectamine delivery. Fluorescence signal was improved at least 1-fold in pDNA 

delivery by jetPEI when 1 µM iCRT 14 was used. Other treatment conditions did not 

improve transfection in HDF cells via jetPEI. Delivery via loaded polymersomes only 

showed a slight improvement (50% increase in signal detected) with curcumin at both 

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
PBS vs 

Inhibitor
n.s. n.s. n.s. n.s. n.s. n.s. n.s. **

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

lipofectamine
*** *** *** *** *** ** *** ***

Treatment vs 
no treatment

n.s. n.s. n.s. n.s. n.s. *** n.s. n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

jetPEI
* *** *** *** *** n.s. *** ***

Treatment vs 
no treatment

n.s. n.s. n.s. n.s. n.s. *** ** **

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ

Control vs 
polymersomes

* *** * *** * ** *** **

Treatment vs 
no treatment

* *** n.s. n.s. n.s. n.s. n.s. n.s.

THP1 cells
iCRT Curcumin A151 BX795

THP1 polymersomes
iCRT Curcumin A151 BX795

THP1 jetPEI
iCRT Curcumin A151 BX795

THP1 Lipfectamine
iCRT Curcumin A151 BX795
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concentrations. Other inhibitors did not have an effect on transfection efficiency in 

polymersome delivery to HDF cells. 

 

Figure 5.18 – Effects of antiviral pathway inhibitors on transfection efficiency in HDF cells across different 

delivery agents (n=3). 
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HDF cells showed a significant decrease in cell viability following treatment with all 

antiviral response pathway modulators (table 5.7). When treated together with delivery 

agent, curcumin and A151 and low concentration of iCRT 14 and BX795 have improved 

cellular viability in jetPEI. 

 

Table 5.7 – Statistical tests for MTT cytotoxicity data following treatment with antiviral response inhibitors 

in THP1 cells. (n.s. not significant; * P value <0.05; ** P value <0.01; *** P value <0.001) 

 

  

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
PBS vs 

Inhibitor
*** *** *** ** *** *** *** ***

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

lipofectamine
n.s. *** * * *** ** ** *

Treatment vs 
no treatment

n.s. *** ** * *** *** n.s. ***

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ
Control vs 

jetPEI
** * *** *** *** * n.s. n.s.

Treatment vs 
no treatment

*** * *** *** *** *** *** n.s.

1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ 1μΜ 10μΜ

Control vs 
polymersomes

n.s. n.s. n.s. n.s. *** *** * *

Treatment vs 
no treatment

n.s. *** n.s. ** n.s. *** ** ***

HDF cells
iCRT Curcumin A151 BX795

Curcumin A151 BX795

Curcumin A151 BX795

HDF polymersomes
iCRT

Curcumin A151 BX795

HDF jetPEI
iCRT

HDF Lipofectamine
iCRT
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Discussion: 

The antiviral response inhibitors used in this section modulates antiviral pathways 

through different mechanisms. A151 and BX795 are inhibitors specific to the cGAS-

STING DNA pathway and, curcumin and iCRT 14 have general antiviral response targets 

(figure 5.19). 

 

Figure 5.19 – Mechanism of actions of antiviral response inhibitors used to improve transfection efficiency. 

 

A151 is a synthetic oligonucleotide containing 4 repeats of immunosuppressive motif 

TTAGGG. It is a cGAS competitive inhibitor which recognises cytosolic dsDNA 

(Steinhagen et al. 2018). Moreover, A151 is also able to target other cytosolic dsDNA 

sensors including AIM2 and IFI16 (Kaminski et al. 2013) as well as TLR9 in endosomal 

compartments from the TLR pathway (Araie et al. 2018). The co-treatment with of 1uM 

A151 was able to improve transgene expression of pDNA delivered by polymersomes in 

A549 and HeLa cells as well as expression of pDNA delivered by lipofectamine or jetPEI 

in THP1 cells. Despite no literature data is available to compare A151 efficacy in 

improving cellular transfection, it is hypothesised that the increase of transfection 

efficiency is due to the anti-inflammatory effect of A151 previously demonstrated 

(Klinman et al. 2005). In addition, it can be deduced that the increase in transgene 
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expression is not due to a reduced cytotoxicity caused by the delivery agent. The 

oligonucleotide at 1uM did not affect cell viability in the various cell types when used 

alone, nor it caused more toxicity than the delivery agent used alone. 

 

The second inhibitor used for these studies is BX795. The aminopyrimidine compound 

prevents phosphorylation of TBK1 protein which is downstream of the cGAS-STING 

pathway (Clark et al. 2009). As TBK1 is unable to phosphorylate, IRF3 cannot be 

recruited and translocate into the nucleus promoting the expression of type I interferon 

and pro-inflammatory genes. The co treatment with 1 µM BX795 was able to cause 

significant improvement in transfection in HEK293T, A549, HeLa and THP1 cells in 

some types of delivery agents. Once again, at the concentrations in which the co treatment 

with BX795 led to an improvement did not affect cellular viability whether without 

treatment of cause further toxicity than the delivery agent already caused. The use of 

BX795 has previously been showed to augment lentiviral transduction in a range of 

hematopoietic cells including natural killer cells, Jurkat cells and U266 cells (Sutlu et al. 

2012). Although literature data is based on viral delivery systems, the same mechanism in 

which BX795 increases transduction efficiency is replicated in non-viral delivery system, 

as shown in the data obtained. 

 

The cross talk between cGAS-STING pathway with other nucleic acid sensing pathways, 

discussed in earlier (section 2.4.4. Crosstalk between pathways), could also lead to other 

types of antiviral responses that could hinder transfection efficiency. Hence, apart from 

small molecules that target specifically the cGAS-STING pathway, two other inhibitors 

of innate immune response were used: curcumin and iCRT 14.  
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Curcumin is a polyphenolic compound which is known for its antimicrobial activity. 

Nevertheless, recent studies suggest that curcumin possess an inhibitory effect on inosine 

monophosphate dehydrogenase (IMPDH), a therapeutic target for antiviral therapy 

(Dairaku et al. 2010). Apart from preventing viral replication through IMPDH, curcumin 

has also been shown to prevent NF-κB and AP-1 nuclear translocation (Divya and Pillai 

2006). The addition of 1uM curcumin during transfection led to an increase of total GFP 

fluorescence in FaDu (Lipofectamine), A151 (polymersomes) and THP1 cells (all delivery 

systems).  

 

On the other hand, iCRT 14 is an inhibitor of ß-catenin, another intermediary of DNA 

sensing through cytosolic sensor LRRFIP1 which also leads to type I interferon response. 

At the most effective concentration, 1 µM, iCRT 14 was able to improve transfection 

efficiency in FaDu, A459 and HDF cells when pDNA is delivered by Lipofectamine, 

polymersomes and jetPEI respectively. There were no changes in viability in A549 and 

HDF cells verified after treatment with 1 µM iCRT 14. Although there was an 

improvement in cell viability in FaDu cells following lipofectamine and jetPEI treatment, 

the increase of fluorescence was only significant in lipofectamine delivered pDNA. Thus, 

suggesting that the increase in transfection efficiency is not due to increase in viable cells. 

 

The improvement of transfection efficiency following treatment with curcumin has 

previously been demonstrated in murine bladder (MB49) and breast (MCF-7) cancer cells 

(Spivack et al. n.d.). The same group also demonstrated that, similar to the current 

findings, iCRT 14 was able to improve transfection efficiency of PEI delivered transgene 

in prostrate (PC3) and breast (MCF-7) cancer cells. These findings further strengthen the 

hypothesis that apart from circumventing nucleic acid sensing mechanisms, by inhibiting 

inflammatory and cytokine responses could improve transfection efficiencies. 
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One conclusion that can be drawn from the data is that improvement of transfection 

efficiency by modulating the antiviral response is highly dependent on cell type as well as 

the method of pDNA delivery. The differences in cell type responses may be due to the 

differences in nucleic acid sensing mechanisms present in each cell type. As discussed 

earlier, immortalised cell lines may have parts or entire antiviral systems hindered (section 

5.4.2. Immortalised cell types). Hence it is not surprising that inhibitors of specific 

pathways which have already been affected during the immortalisation process will not 

produce a big effect on transfection efficiency or cell viability. Interestingly, THP1 cells, 

which is the most sensitive cell type in terms of antiviral response, showed to have the 

biggest improvements in transfection efficiencies when different antiviral response 

inhibitors were used. The increase in GFP fluorescence reaches 10-fold as seen in A151 

co treatment with lipofectamine delivery in THP1 cells.  

 

In some cases, the cytotoxic effect of the delivery agent is reduced when the antiviral 

pathway inhibitors were incubated together. The increase the total number of viable cells 

would have expected to increase the total number of transfected cells; still, on those 

occasions where a significant cellular viability was increased, transfection efficiency was 

not improved. In contrast, in some of these cases, the increase of MTT signal was 

accompanied by a big reduction of fluorescence signal. The drastic reduction in 

fluorescence signal in some tested conditions suggest that the addition of inhibitors at 

some cases (in particular concentrations) would lead to a decrease in transfection 

efficiency, in contrary to the studied hypothesis. Some of the drawbacks in MTT 

cytotoxicity assays have been discussed earlier (section 5.2. Cytotoxicity of transfection 

reagents). It is highly probable that some of the cell types used are particularly sensitive 

to antiviral pathway inhibitors which in turn cause further cellular stress, an observation 
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that may have caused an unusual increase in cell viability measurements. An example is 

the unusual increase in cell viability following the treatment of A151. Apart from HDF 

cells where viability was increased with or without the treatment with transfection 

reagents, THP1 and HeLa cells only showed increased viability when A151 was co-

incubated with Lipofectamine and jetPEI. The increase in viability may be due to the 

antagonistic effect of A151 in TLR9 in HDF cells through two mechanisms. First, the 

activation of TLR9 has been shown to decrease mitochondrial ATP production (Shintani 

et al. 2014). Since MTT assay is based on mitochondrial function, inhibition of TLR9 

could possibly lead to an increased mitochondrial function and hence an increase in cell 

viability signal. Furthermore, it has been previously demonstrated that TLR9 activation 

was able to induce apoptosis through the mitochondrial pathway in fibroblasts (Fischer 

et al. 2005). Hence in the presence of nucleic acids delivered by different delivery agents, 

the treatment with A151 could reduce the number of apoptotic events, leading to an 

increase in total number of viable cells. In contrast to HDF cells, the increase in viability 

in THP1 and HeLa cells was only verified when a transfection agent was used.  In other 

words, the increase in viability is caused by the direct competition of A151 with the 

ligands that activate DNA sensing pathways, leading to a decreased antiviral response.  

 

In summary, the increase in cell viability can affect transfection in two different ways. If 

cellular viability measured reflects the true number of viable cells, then the overall number 

of cells expressing GFP plasmid would increase. Whether the increase is due to the 

decrease in transfection agent toxicity or an increase in cell proliferation, an increase of 

transfection efficiency is expected. On contrary, if the increase in cell viability is caused 

by an increase in mitochondrial activity due to increased cellular stress, the opposite effect 

will be expected. The effects of cellular stress in a cell can lead to a broad spectrum of 

outcomes. When cellular stress is mild, cells are able to respond accordingly and recover 
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such as heat shock responses and unfolded protein responses which promotes cell 

survival (Fulda et al. 2010b). Such responses can sometimes lead to internalisation of 

external material via endocytosis (Cheng and Vieira 2006).  However, if there is a 

continuous stimulus for stress which becomes unresolved, cells often activated 

irreversible responses leading to cell death. These cellular responses may therefore 

interfere with transfection efficiency. A further possibility is that a combination of both 

cases played a role in affecting the expression of the newly delivered pDNA.  

 

Lastly, it is worth mentioning that the improvement in transfection efficiency across the 

different cell types cannot be directly compared across Lipofectamine, jetPEI and 

polymersomes. As already discussed in section 5.1. Transfection efficiency and cell type, 

the transfection efficiencies of the different delivery agents were already showed to be 

different across different cell types. Thus, the total fluorescence from a small 

improvement in transfection efficiency in a delivery agent might be comparable to the 

fluorescence from a 5-fold increase in transfection efficiency in a less efficient delivery 

system. In order to perform a direct comparison between the improvement in different 

transfection agents, mean fluorescence per cell measured by flow cytometry might be a 

useful measure. Problems such as uneven distribution of transfected cells as well as 

whether there are more viable cells or cells have an upregulated mitochondrial activity 

can be overcome by a cell counting analysis.  

 

One of the difficulties in comparing transfection efficiencies across different cell types is 

that the internalisation process of each particular cell might be different. The fact that the 

cells used in these studies come from a range of different progenitors, there are many 

factors that could lead to different gene expression of delivered pDNA. For example it 

has been demonstrated that HeLa cells showed highest transfection rates after 4 days of 
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pDNA delivery via calcium phosphate precipitation protocol (Kirsch et al. 2003).  

Whereas in other studies, the transfection efficiency reached the maximum after 3 days 

of pDNA delivery (de Los Milagros Bassani Molinas et al. 2014). Thus, in order to fully 

explore the effects of antiviral pathway inhibitors on transfection efficiency on different 

cell types, further experiments must be done to identify the best time points to show the 

maximum transfection efficiency. In addition, it would also be interesting to explore the 

kinetics of cellular transfection of the different delivery agents, as these have slightly 

different mechanisms of actions in cell entry, endosomal escape and pDNA release. 

 

Lastly, the effect of combination of inhibitors was not explored. It might be possible that 

compensation mechanisms are in place when a particular antiviral pathway is inhibited, 

through cross talk mechanisms earlier discussed (2.4.4. Crosstalk between pathways). 

Thus, targeting multiple antiviral pathways at once might be able to further improve 

transfection efficiencies. However, one obstacle of using a combination of inhibitors is 

the combined cytotoxic effect that these inhibitors could bring. There have been attempts 

in exploring the synergistic effects of several inhibitors including iCRT 14 and curcumin 

in the literature. These experiments suggest that there are indications of further 

improvement in transfection compared to individual inhibitors despite not reaching 

statistical significance (Spivack et al. n.d.).  

 

5.7 Conclusions 
 
In this chapter, the correlation between transfection efficiencies and cellular responses to 

nucleic acid delivered by Lipofectamine, jetPEI and polymersomes were explored in 

different cell types. A range of cell types was investigated, including immortalised and 

non-immortalised cells which showed a difference in transfection efficiencies studies 

(section 5.1. Transfection efficiency and cell type). The difference in transfection 
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efficiencies across various cell types was confirmed to be independent of the cytotoxicity 

caused by the delivery agents (section 5.2. Cytotoxicity of transfection reagents). It was 

then confirmed that NF-κB, a primary effector of the cellular stress response, is 

translocated into the nucleus following delivery of DNA via different transfection 

reagents (section 5.3.2. NF-κB nuclear translocation). An attempt was then made to 

identify the specific antiviral response pathway that leads to a cellular response in NF-κB 

activation through RT-PCR (section 5.4. Gene expression studies). However, the data 

obtained were inconclusive. Instead, it was observed that non-immortalised cell types 

showed a much greater upregulation across all antiviral genes tested, suggesting that these 

have a more active nucleic acid sensing pathway. The sensitivity in antiviral response was 

correlated to the basal levels of STING protein present in each cell type (section 5.5. 

Western blot studies for STING protein detection), which led to the postulation that 

hindering antiviral responses could lead to improved transfection efficiency. Several 

inhibitors of the anti-viral pathways were tested, and despite not displaying strong 

correlation, there are several occasions in which inhibitors of the antiviral response 

improve transfection efficiencies across cell types tested with different delivery agents 

(section 5.6 Effect of STING inhibitors in transfection efficiency studies).   
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Chapter 6 
 

General conclusions and Future directions 
 
 
6.1. General conclusions 
 
The main aims of the thesis are to investigate the discrepancies of transfection efficiency 

across different cell types using different delivery agents (Lipofectamine, jetPEI and 

polymersomes). Two hypotheses have been proposed to explain why transfection is less 

efficient in some delivery agents or cell types in this thesis: firstly, DNA might be 

degraded before reaching the site of action through pH or enzymatic degradation. 

Secondly, cellular responses to nucleic acid prevent successful gene transfection in 

different cell types. Each of these hypotheses becomes the central question in the result 

chapters.  

 

Chapter 4, named “Delivery and DNA integrity”, explores the entry and integrity of 

nucleic acid via different delivery agents using DNA FRET probes in HEK293T cells. 

All results are in accord with literature data whereby the different delivery agents tested 

delivers nucleic acid via endocytosis. Moreover, the chapter demonstrated that the 

different delivery agents showed different abilities to protect DNA from degradation 

following cellular entry. The data obtained suggest that the complex that DNA forms 

with Lipofectamine or jetPEI can condense the DNA to a certain extent as suggested by 

the increase in FRET ratios. Following cellular entry, DNA delivered by Lipofectamine 

and polymersomes remained intact up to 4 hours, whereas DNA delivered by jetPEI 

showed some degradation. Subsequent experiments attempted to identify the subcellular 
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location of DNA probe degradation via immunofluorescence labelling. Nevertheless, the 

FRET ratios from these data did not show significant changes within early endosomes, 

late endosomes nor lysosomes. In order to explain this finding, live DNA probe tracking 

was performed to investigate the entry and escape dynamics of each endosomal 

compartment. Results demonstrated that entry and escape of DNA probe within 

endocytotic compartments studied occurred in cyclic patterns with an average of 20 

seconds and that probe delivered by jetPEI showed the most considerable amount of 

degradation in early and late endosomes compared to other delivery agents. Besides, it 

was found that DNA probe delivered by jetPEI was also colocalized in recycling 

endosomes but not when delivered via Lipofectamine or polymersomes.  

 

The subsequent chapter 5, named “Cellular responses to nucleic acids”, investigates 

whether nucleic acid delivered would trigger antiviral responses following the endosomal 

escape and if this correlates to transfection efficiency. Several cell types were employed 

to demonstrate that transfection efficiency does not correlate with the cytotoxicity from 

delivery agents. Colocalization studies of NF-κB in the nucleus were performed following 

delivery of nucleic acid, as several antiviral response pathways converge into NF-κB 

nuclear translocation. The translocation assays, as well as NF-κB reporter cells, indicated 

that immortalised cell types, namely FaDu and HEK293T, show less NF-κB translocation 

compared to immune cells (THP1) and primary cells (HDF) tested. The expression of 

antiviral genes related to the most common nucleic acid sensing pathways (TLR, NRL 

and RLR) were monitored, and the TLR pathway seemed to be activated in most cells. 

Also, THP1 and HDF cells showed to have a more pronounced upregulation compared 

to other immortalised cell types such as FaDu, HEK293T, HeLa and A549 cells. 

Interestingly, the cell types which showed to have the greatest antiviral response following 

DNA delivery are THP1 and HDF cells which correlates to cells that show the least 
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efficient transfection. The low transfection efficiency in THP1 and HDF cells also 

correlated to the high presence of STING protein, a vital protein in the cGAS/STING 

DNA sensing pathway that has recently emerged.  These data further suggested that 

antiviral response could be a key to successful gene transfection. Hence, the last set of 

experiments attempted to improve transfection efficiency by inhibiting parts of the 

antiviral pathway. These inhibitors were able to improve transfection efficiency on several 

occasions, though only in specific cell types. Moreover, improvement of transfection by 

these inhibitors was also dependent on the type of delivery agent used.   

 

In summary, both chapters were able to give some insight into the initial questions raised. 

The different delivery agents were shown to offer some protection to nucleic acid from 

degradation during the endocytotic process. Nevertheless, the 20-second cyclic patterns 

of DNA entry and escape from different endocytic compartments were accompanied by 

some degradation, in particular, DNA delivered by jetPEI. The data also suggested that 

in most cases, the escape of DNA from the endosomes are intact. It was later shown that 

the intact DNA released would trigger antiviral responses through nucleic acid sensing 

pathways. These responses are particularly pronounced in immune or primary cell tested 

but not in other immortalised cell lines with hindered anti-viral pathways. In addition, the 

final results pathways further supported the hypothesis that improvement in transfection 

could be achieved to a certain extent by the modulation of antiviral pathways.  

 
6.2. Future Directions 
 
Several obstacles were encountered in the experimental design in both chapters. 

Subsequent work should be aimed to address the limitations of the current experiments. 

For example, in chapter 4 “Delivery and DNA integrity”, the live imaging studies rely on 

double transfection to label endosomal compartments. As investigated in chapter 5 
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“Cellular responses to nucleic acids”, transfection agents are often associated with cellular 

cytotoxicity, hence is possible that the dynamics of endocytosis is affected. A way to 

overcome this is to use other labelling methods such as the proposed viral constructs. 

However, these viral constructs label endosomal compartments with fluorophores that 

are incompatible to the DNA FRET probe used. Hence, a change of FRET pair 

fluorophores which with a similar efficiency could be used. On the other hand, stably 

transfected cells which express fluorophores in the compartments of interest may also be 

used to avoid cellular stress that viral-based labelling reagents might cause.  

 

The link between the two chapters could also be strengthened by exploring the amount 

of intact DNA that is escaped from endosomal compartments. Rather than focusing on 

whether DNA is degraded before reaching the nucleus to produce its effect, but how 

much DNA is released that goes on to activate nucleic acid sensing pathways. Another 

interesting aspect to explore is whether the amount of nucleic acid that escapes from 

endosomal compartments differs across delivery agents. Assuming nucleic acid sensing is 

proportional to the amount of escaped DNA that remains intact, then the differences in 

antiviral response verified across different delivery agents could be accounted for.  

 

Lastly, the only inhibitors explored were modulators of antiviral pathways to improve 

transfection efficiency. Apart from further investigating different concentrations and 

mixture of these inhibitors, enhancing nucleic acid sensing pathways could also be used 

to prove the importance of antiviral response machinery in successful gene transfection.  

For example, enhancing the nucleic sensing pathways that were hindered during the 

immortalisation process of cells that are relatively easy to transfect would, in theory, 

decrease transfection efficiency. Moreover, these studies could be extended to other types 

of primary cells that do not take part in immunological responses.   
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The understanding of the cellular pathways that hinders transfection efficiency will lead 

to the development of more effective nucleic acid delivery systems. These more efficient 

delivery systems would allow the gene study in cells that are difficult to transfect. Besides, 

improved transfection efficiency in nucleic acid delivery systems could be translated into 

clinical use in gene therapy research, which currently relies on viral-based systems. With 

improved efficacy, non-viral based delivery systems could potentially overcome several 

limitations that viral-based systems currently pose, such as the immunological responses. 

Furthermore, the ability to transfect a wider range of cell types would increase the types 

of conditions gene therapy could treat. 
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Appendix 1 – Positive FRET probe delivered to HEK293T cells via different delivery agents 

(Lipofectamine and jetPEI) scale bar = 10 µm 
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Appendix 2 - Positive FRET probe delivered to HEK293T cells via different delivery agents 

(polymersomes) scale bar = 10 µm 
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Appendix 3 – Colocalisation of FRET probe in endosomal/lysosomal compartments delivered by 

polymersomes (Blue: endosomal/lysosomal marker; Red: FRET signal; Green: Donor signal) 
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Appendix 4 – Colocalisation of FRET probe in endosomal/lysosomal compartments delivered by 

Lipofectamine (Blue: endosomal/lysosomal marker; Red: FRET signal; Green: Donor signal) 
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Appendix 5– Colocalisation of FRET probe in endosomal/lysosomal compartments delivered by jetPEI 

(Blue: endosomal/lysosomal marker; Red: FRET signal; Green: Donor signal) 
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Appendix 6 – Representative confocal images of NF-κB nuclear translocation in FaDu and THP1 cells. 

Scale bar = 50 µm 
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