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ABSTRACT 

Antibiotic resistance is a growing concern for healthcare providers across the world. Indeed, 

resistance is now being found to those ‘last-ditch’ antibiotics reserved for antibiotic-resistant 

infections. There is great need for research into alternative therapies for globally important 

pathogens, as well as those that pose a bioterror threat due to their infectivity and high morbidity 

(e.g. Francisella tularensis). Host-directed therapy as a concept for infection treatment seeks either 

to block bacterial invasion and growth within host cells or enhance host bactericidal activity. This 

approach has the potential to treat a broad range of bacterial infections, as well as to reduce the 

likelihood of developing resistance. 

As a first step, we explored a host infection response network (including the gene PCDH7) defined on 

the basis of results from a previous HEK-293 host infection screen. Cellular knockout of human 

PCDH7 showed reduced intracellular Salmonella enterica serotype Typhimurium (STM) and Shigella 

sonnei burden in vitro, suggesting resistance to bacterial growth. 

To identify further targets, a ‘gene trap’ mutation library was generated in a macrophage-like human 

cell line, U937, which was then differentiated and infected with STM and F. tularensis LVS in 

independent screens. RNA-Seq was performed on the infected and control populations to identify 

functionally vital host defence gene mutations. The most statistically significant gene mutations 

were assessed using pathway analysis tools and literature searches. Multiple pathway analyses 

converged on electron transport chain subunits MT-ND5, MT-ND6 and MT-CO1, the trapped versions 

of which were identified as protective in the STM screen. Furthermore, another trapped protective 

hit, SLC7A11, shows promise from initial validation using a CRISPR knockout (lower intracellular STM 

burden) as well as pharmacological modulation with the inhibitor sulfasalazine. 

This work has provided a starting point for the investigation of human genes and cellular processes 

that might be amenable to pharmacological manipulation to provide protection against, or recovery 

from, bacterial infection. Therefore host-directed therapies merit further exploration as a novel 

route to counter the potentially devastating impact of bacteria largely resistant to current 

antimicrobial drugs.  
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1. INTRODUCTION 

1.1. The necessity for research into alternative treatment strategies 
for infection 

1.1.1. Antimicrobial resistance and the ‘discovery void’ 

The World Health Organization produced a 2014 report into the global burden of (acquired) 

antimicrobial resistance, focusing on the antimicrobial resistance of eight bacterial genera (WHO, 

2014). Although the report was necessarily incomplete (due to lack of available data from some 

developing countries), antibiotic resistance was found to be widespread in all bacterial species 

surveyed. Acquired antimicrobial resistance is the development of resistance in a pathogen that was 

once sensitive to the antimicrobial compound, whether by mutation or from an external source (e.g. 

from a plasmid with an antimicrobial resistance gene). More recently, plasmid-mediated antibiotic 

resistance to polymyxins, a class containing colistin, has been found in bacterial isolates from 

humans and animals (Liu et al., 2016). This form of antibiotic resistance can spread quickly due to 

the episomal location of the resistance gene. The spread of colistin resistance increases the potential 

inability to treat infections caused by multi-drug resistant bacteria as the antibiotic is normally 

reserved for these (WHO, 2019). The increased level of acquired antimicrobial resistance is the result 

of anthropogenic antibiotic activity – heavy duty antibiotic agricultural use (Patel et al., 2020), 

antibiotic pollution of the environment (Kumar et al., 2020; Nnadozie and Odume, 2019; Rodriguez-

Mozaz et al., 2015; Sun et al., 2020) and high rates of global medical prescribing (Klein et al., 2018). 

These activities increase the selection pressure on bacteria develop antibiotic resistance, thus 

increasing the rate at which resistance is acquired and spread. 

An estimated 700,000 people die from drug-resistant infections annually (although this includes HIV 

and malarial as well as bacterial infections) (O’Neil, 2016). Indeed, the Chief Medical Officer for 

England, Professor Dame Sally Davies has described routine medical operations as “risky” without 

effective antibiotics against antimicrobial-resistant pathogens (The BBC, 2017). To encourage 

research into, and development of, novel antibacterial treatments, the WHO published a list of 

antibiotic resistant priority bacteria; seen as the biggest threats to public health (Tacconelli and 

Magrini, 2017; Willyard, 2017). The most critical of these are Acinetobacter baumannii and 

Pseudomonas aeruginosa (both of which are carbapenem resistant). Lower priority pathogens 

include fluoroquinolone resistant Salmonellae and Shigella. 

No new classes of antibiotics targeting gram-negative bacteria have been licenced in more than forty 

years (Brown, 2015) and the WHO has named the period following the discovery of Daptomycin 

(gram positive-targeting antibiotic) as a “discovery void” (WHO, 2014). During the “golden age of 

antibiotic discovery” pharmaceutical companies identified soil bacteria as sources of plentiful 

efficacious antimicrobial compounds; with most existing antibiotics based on these. At the turn of 

the century, research efforts turned to targeted approaches, using high-throughput assays to 

identify compounds effective against purportedly essential targets within bacteria. This strategy 

produced few successful results; with difficulties finding compounds with suitable characteristics for 

the treatment of infections, and the ever-present risk of further microbial resistance evolving due to 

the mutation of the targeted protein (Payne et al., 2007; Tommasi et al., 2015). Antibiotic discovery 

research is now mainly focused on identifying natural products produced by micro-organisms from 
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less studied parts of the environment – this has been reviewed elsewhere (Hutchings et al., 2019; 

Lewis, 2020). A big bottleneck for this type of discovery is the unknown quantity of micro-organisms 

with novel potential antibacterial agents in the sampling space. Additionally, most large 

pharmaceutical companies have left the antibiotic discovery space (Hutchings et al., 2019), making it 

more difficult to scale up investigations and throughput. 

1.1.2. Threat of bioterrorism 

Another cause for concern is the potential for the intentional use of biological agents as weapons. In 

recent years, there have been numerous terrorist attacks across Europe and the USA, including the 

2017 vehicular attacks in Spain and England, the 2017 Manchester suicide bombing as well as the 

2016 suicide bombings in Paris. Biological attacks have the potential to be as destructive/ 

devastating as conventional weaponry (Riedel, 2004) and recent biotechnological advances (such as 

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Cas9) has reduced the 

technological barrier to purposefully weaponising non-genetically modified pathogens (MacIntyre, 

2020). The Centers for Disease Control and Prevention (CDC) published a report on strategic 

planning for biological and chemical terrorism (Centers for Disease Control and Prevention, 2000) 

after the USA became aware of bioweapons programmes under development in other countries. 

There are few undisputed incidents of bioterrorism (Riedel, 2004), but those that occur, such as the 

anthrax attack in 2001 (WHO, 2004) are reminders of the ease of implementation, the potential for 

great devastation, and the ability for covertness. Well-planned biological attacks could prove a heavy 

burden for countries where the infrastructure is already under strain, such as those affected by 

natural disasters. Therefore, new treatment approaches are needed to combat both potential 

bioweapons and the existing natural epidemic infection risks to the general population. Examples of 

bacteria of particular concern include; Bacillus anthracis, Yersinia pestis and Francisella tularensis; 

due to their infectivity, potential to generate lethal infection, potential for social disruption and 

necessity for specific preparation (Centers for Disease Control and Prevention, 2018; MacIntyre et 

al., 2006; Pappas et al., 2009). 

1.1.3. Alternative approaches to treating infection 

Due to the ‘discovery void’ and increasing (and wide-ranging) prevalence of antibiotic resistance, 

alternative methods of treating bacterial infection are being sought, including use of bacteriophages, 

predatory bacteria, antimicrobial peptides (Allen et al., 2014), metals (H.-Z. Li et al., 2017) and host 

response-targeting (Kaufmann et al., 2017). Previously, little attention had been paid to host targets 

as anti-infectives; undoubtedly because the complexity of the human genome and the human 

protein interactome made this an unrealistic strategy. Now in the post-genomic era, host-directed 

therapies are a realistic prospect. Enhancement of host immune responses and obstruction of host 

proteins required for intracellular bacterial survival are just some of the therapeutic options 

explored to reduce infection generated morbidity (Kaufmann et al., 2017). There are advantages to 

targeting host proteins, such as the potential to find broad-specificity treatments and to reduce the 

likelihood of therapy resistance (Kaufmann et al., 2017). These are issues that modern single-target 

high-throughput assays fail to address. Naturally, there are also drawbacks to this approach, 

including the potential to interfere with vital human cellular processes. 

Many bacterial infections do not produce unique constellations of symptoms (e.g. non-typhoidal-

salmonellosis and shigellosis present similar symptoms to other gastric infections). Therefore, many 

of these are difficult to treat with targeted antibiotics in a timely fashion because the species and in 

some cases, the strain, must be identified first. Hence, alternative broad-spectrum treatments would 
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be extremely useful; particularly in instances of epidemics, for the treatment of critically ill 

individuals, or treatment of people deliberately exposed to an unknown pathogen. 

1.2. Pathogen-host evolution 

1.2.1. Innate vs adaptive immune responses 

To identify potential host infection factors that may be pharmacologically modulated, one must 
determine which features of the host infection response are appropriate to investigate. The human 
immune system employs different mechanisms to destroy and clear intracellular and extracellular 
pathogens depending on their physical location. Both adaptive (antigen-specific, not genetically 
encoded) and innate (non-specific, genetically encoded) responses are employed in responding to 
pathogens in the extracellular and intracellular space. The adaptive immune system has very 
powerful mechanisms of identifying and targeting pathogens but requires time to develop. The 
adaptive immune response is also highly specific – distinguishing between species and often strain of 
bacteria. Therefore, it is not an appropriate target for the generation of a broad spectrum (or 
universal) host-directed therapy. In contrast, the innate immune system is able to broadly and 
rapidly identify pathogens, before setting in motion a range of effector mechanisms that can kill or 
restrict pathogen growth but are self-deactivating. Therefore, the innate response is an appropriate 
aspect of the focus for this project. 
 
Human innate immune responses encompass extracellular components (such as complement) as 
well as a cellular aspect, which can be subdivided into cell-autonomous and non-autonomous 
functions. The non-autonomous characteristics refer to any intercellular signals and functions 
resulting from these, such as signals required for cellular activation and recruitment. The 
autonomous characteristics refer to the intracellular capabilities of a host cell, as well as autocrine 
signalling, but without the requirement for other host cells. Investigating these aspects of the innate 
immune response requires different experimental contexts (e.g. the presence of serum, tissue 
explants, multiple host cell co-culture, or single cell type culture). To determine the appropriate host 
context required to identify potential host infection factors of interest, it is helpful to define the 
natural accessibility of the bacteria to the immune system as well as the predominant aspects of its 
infection life cycle.  
 

1.2.2. Classification of infectious bacteria by pathogenic niche 

Pathogenic bacteria are classically classified by their ability to multiply in a cell-free environment or 
intracellularly inside a susceptible host: extracellular (e.g. Staphylococcus aureus, Streptococcus 
pyogenes, Pseudomonas aeruginosa), facultative intracellular (e.g. Salmonella enterica, Francisella 
tularensis, Shigella sonnei) and obligate intracellular bacteria (e.g. Coxiella burnetii, Anaplasma 
phagocytophilum, Rickettsia prowazekii) (Fields et al., 2011). This classification, in light of new 
experimental data has become controversial, as bacteria generally thought of as extracellular appear 
to have some intracellular phases in vivo see Silva (2012) for review. Currently there are no other 
standardised criteria available to classify pathogens, but the current criteria serve our purposes 
sufficiently as the majority of the productive infection by putatively extracellular bacteria are in the 
extracellular space. In contrast, obligate intracellular bacteria can only survive within host cells, thus 
escaping from much of the host immune response. Facultative intracellular bacteria are those that 
have evolved to generate productive infections inside host cells but are also able to multiply 
extracellularly. In addition to evolving mechanisms to survive in both environments, these bacteria 
must also gain access to the host cell, either through passive or active mechanisms. 
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Intracellular bacteria are some of the most virulent, indeed several of the bacteria identified as 
potential bioterror threats on the CDC website are intracellular (Balali-Mood et al., 2013; Centers for 
Disease Control and Prevention, 2018). Furthermore, many virulent intracellular bacteria (e.g. 
Yersinia pestis, Bacillus anthracis, Brucella species, Burkholderia pseudomallei, Mycobacterium 
tuberculosis and F. tularensis) cause diseases that lack either vaccines, effective treatments, or both 
(Doganay and Demiraslan, 2015; Figueiredo et al., 2015; Jia and Horwitz, 2018; Morici et al., 2019; 
Pai et al., 2016; Pechous et al., 2016). 
 

1.2.3. Survival of intracellular bacteria and host responses 

When inside host cells, intracellular pathogens need to create an environment that will facilitate 
survival, multiplication and ultimately transmission. Three key ways in which they survive in this 
hostile niche are by evading, or subverting, the host immune response, as well as by obtaining 
nutrients directly from the host cells. Consequently, intracellular pathogens have evolved 
mechanisms to import important nutrients and release molecules that alter host cell signalling, 
immune mechanisms, and metabolism. Hosts cells, in turn, have evolved mechanisms to detect 
pathogens and alter their own fatty acid and glucose metabolism to increase their inflammatory and 
antibacterial capacity (Jha et al., 2015; Naujoks et al., 2016; Russell et al., 2019; Tannahill et al., 
2013) . Host cells have also evolved mechanisms to produce toxic molecules, including reactive 
oxygen species (ROS) and reactive nitrogen species (RNS) that can kill intracellular pathogens. Host 
factors within any of these processes or within the canonical innate immune response could be 
potential pharmacological targets; provided temporary pharmacological inhibition of the target 
factor is not a detriment to the host. Potentially targetable host factors may also be involved in as 
yet undiscovered host-pathogen interactions. 
 

1.2.4. Innate responses 

There are several types of innate response effector mechanisms that target intracellular bacterial 

and parasitic infections, including phagocytosis, production of ROS or RNS, xenophagy, programmed 

host cell death, Interferon-induced guanosine triphosphatases (GTPases), and the restriction of host 

metabolic processes (such as metal withholding) (Wessling-Resnick, 2015). Additionally, recognition 

of bacterial infection, or even damage generated by infection, by the innate immune system is an 

integral feature of innate response initiation. Some of these innate recognition and host effector 

mechanisms will be described in further detail below. 

1.2.4.1. Recognition of bacteria by plasma membrane and intracellular receptors 

Bacteria have extracellular pathogen-associated molecular patterns (PAMPs), such as gram-negative 

Lipopolysaccharide (LPS), or gram-positive peptidoglycan, as well as intracellular PAMPs (e.g. nucleic 

acids) - which may be released during lysis. Host cells use innate immune receptors known as 

pattern recognition receptors (PRRs) to recognise PAMPs. A list of examples of some plasma 

membrane-associated PRRs, intracellular PRRs, examples of their ligands, signalling locations and 

downstream functions are presented in Table 1.1. 
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Table 1.1 List of pertinent PRRs that recognise bacterial PAMPs. This list is not exhaustive but provides examples of pertinent PRRs. Nuclear factor kappa B 
(NF-κB) is a nuclear transcription factor that stimulates a range of inflammatory cytokines and antimicrobial peptides. Pam3CSK4 (Pam3-Cys-Ser-Lys4) is a 
synthetic bacterial lipopeptide. 

Receptor 
family 

Receptor 
examples 

Examples of Ligands Signalling cellular 
locations 

Downstream function 

To
ll-

lik
e 

re
ce

p
to

rs
 (

TL
R

s)
 TLR2 Diacetylated and triacetylated 

lipopeptides (components of bacterial 
membranes), ligand specificity 
depends on co-receptor (Buwitt-
Beckmann et al., 2006; Jin et al., 2007; 
Kang et al., 2009) 

Plasma membrane Stimulation with Pam3CSK4 increased 
mitochondrial reactive oxygen species (mROS) 
and production of proinflammatory cytokines 
(Papadopoulos et al., 2013; Quero et al., 2017; 
Sjöstrand et al., 2020; West et al., 2011) 

TLR4 Lipopolysaccharide (LPS) Plasma membrane, 
endosomes (Kagan et 
al., 2008) 

NF-κB activation, downstream inflammatory 
cytokine and antimicrobial peptide production 
and contributes to macrophage activation 

N
u

cl
eo

ti
d

e
-b

in
d

in
g 

d
o

m
ai

n
-l

ik
e

 r
ec

ep
to

rs
 (

N
LR

s)
 Nucleotide-

binding 
oligomerization 
domain-
containing 
protein 1 (NOD1) 

γ-D-glutamyl-meso-diaminopimelic 
acid, specific to Gram-negative 
peptidoglycan (Chamaillard et al., 
2003; Girardin et al., 2003a) 

Cytoplasmic. localises to 
endosomal vesicles 
during signalling (Irving 
et al., 2014) 

Autophagy (Irving et al., 2014; Travassos et al., 
2010), NF-κB signalling (Girardin et al., 2003a) 

Nucleotide-
binding 
oligomerization 
domain-
containing 
protein 2 (NOD2) 

Muramyl dipeptide, a component of 
Gram-negative and Gram-positive 
bacterial peptidoglycan (Girardin et 
al., 2003b; Inohara et al., 2003) 

Cytoplasmic, localises to 
endosomal membranes 
during signalling 
(Barnich et al., 2005; 
Nakamura et al., 2014) 

Autophagy (Travassos et al., 2010) and NF-κB 
signalling (Barnich et al., 2005) 

NLR family 
apoptosis 
inhibitory protein 
(NAIP) 

Flagellin (Kortmann et al., 2015) and 
Type III Secretion System (T3SS) 
needle protein (Grandjean et al., 
2017; Yang et al., 2013) 

Predicted cytoplasmic 
(Kortmann et al., 2015; 
Miao et al., 2006; Poyet 
et al., 2001; Yang et al., 
2013) 

NAIP- NLR family CARD domain containing 4 
(NLRC4) inflammasome activation (Kortmann et 
al., 2015; Yang et al., 2013) and pyroptosis 
(Grandjean et al., 2017; Kortmann et al., 2015) 
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Receptor 
family 

Receptor 
examples 

Examples of Ligands Signalling cellular 
locations 

Downstream function 

NLR family pyrin 
domain 
containing 3 
(NLRP3) 

Specific ligand undetermined, 
activated in response to cellular 
stress, see Swanson et al., (2019) for 
review. 

Within endoplasmic 
reticulum prior to 
activation (Misawa et 
al., 2013; Zhou et al., 
2011) 

NLRP3 inflammasome activation (Misawa et al., 
2013; Zhou et al., 2011) and pyroptosis 
(Beckwith et al., 2020; Kayagaki et al., 2015; 
Platnich et al., 2018) 

 Cyclic GMP–AMP 
synthase (CGAS) 

B-form double stranded 
Deoxyribonucleic acid (DNA) (Sun et 
al., 2013) 

Cytoplasmic (Sun et al., 
2013) 

Activation of stimulator of interferon response 
cGAMP interactor 1 (STING1) which leads to the 
production of interferon (IFN) (Ablasser et al., 
2013; Diner et al., 2013; Sun et al., 2013; Wu et 
al., 2013; Zhang et al., 2013) 

Pyrin and 
HIN 
domain 
family 
(PYHIN) 

Absent in 
melanoma 2 
(AIM2) 

Double stranded DNA (Morrone et al., 
2015) 

Cytoplasmic (Choubey 
et al., 2000) 

AIM2 inflammasome activation (Dick et al., 
2016; Morrone et al., 2015), pyroptosis 

 Caspase 4 and 5 LPS (Shi et al., 2014) Caspase 4 has been 
found in the cytoplasm 
and associated with the 
plasma membrane (The 
Human Protein Atlas, 
2017) and Caspase 5 is 
predicted to be present 
in the cytoplasm based 
on its activity (Shi et al., 
2014). 

Caspase 4 activation and subsequent pyroptosis 
(Shi et al., 2014) 
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Together, these are some of the cell-intrinsic mechanisms of host cell recognition of bacteria and 

they in part determine the initiation of cell intrinsic host responses. Besides PAMP recognition, 

mammalian cells have an additional mechanism of recognising infection – through the exposure of 

Damage Associated Molecular Patterns (DAMPs), released by host cells or organelles in response to 

cellular or tissue damage. DAMPs (such as high mobility group box 1 - HMGB1 (Huebener et al., 

2015; Wen et al., 2019; Wu et al., 2012), heat shock protein family A (Hsp70) member - HSP70 (Asea 

et al., 2000), or mitochondrial Deoxyribonucleic acid (DNA)) can be recognised through classical PRRs 

(Aarreberg et al., 2019) or through non-PRR DAMP sensors (El Mezayen et al., 2007). 

1.2.4.2. Phagocytosis, lysosome-mediated pathogen degradation and reactive oxygen 
species 

Professional phagocytes (neutrophils, monocytes, macrophages, and dendritic cells — DCs) 

efficiently phagocytose bacteria (Gordon, 2016). Phagocytosis is activated by multiple mechanisms 

including pathogen recognition by plasma membrane PRRs (Peiser et al., 2000). Though TLRs do not 

directly mediate phagocytosis of bacteria (Gordon, 2016), TLR4 coordinates with phagocytic 

receptors to greatly enhance uptake (Blander and Medzhitov, 2004; Seixas et al., 2018). Plasma 

membrane remodelling and changes in the actin cytoskeleton generate the formation of 

pseudopods (finger-like projections formed from the plasma membrane) (Masters et al., 2013; Michl 

et al., 1979) that encircle the bacterium. Fusion of these finger-like projections creates a complete 

single membrane vacuole called an early phagosome. The early phagosome fuses with endocytic 

vesicles to recruit proteins necessary for maturation and allows sorting vesicles to fission from it for 

protein recycling (Lee et al., 2020). As part of this recycling process, a protein complex called 

retromer ferries proteins to the trans-Golgi network (Rojas et al., 2008). The early phagosome thus 

matures into a late phagosome. Throughout the maturation of the phagosome into the 

phagolysosome (the final antimicrobial form), vacuolar type adenosine triphosphatases (V-ATPases) 

are recruited and the vacuole becomes steadily more acidified (Tabata et al., 2020). To become a 

phagolysosome, lysosomes (vesicles containing degradative enzymes such as cathepsins or 

lysozymes) fuse with the phagosome, which then has an optimal acidic pH of 5 - 5.5. Depending on 

the host cell type and activation status, the intraphagosomal nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase complex (produces reactive oxygen species, ROS) may be recruited to 

generate an oxidising intravacuolar environment (Nauseef, 2019). The combination of these factors 

creates a highly antimicrobial vacuole, destroying the majority of the bacteria captured within it; 

however, some bacteria have evolved to efficiently evade phagolysosomes-mediated destruction. 

1.2.4.3. Xenophagy 

Xenophagy is a category of autophagy, which is the process of catabolic degradation of cytoplasmic 

and membrane components of the cell (Mitchell and Isberg, 2017). Canonical xenophagy plays a 

crucial role in pathogen elimination in many cell types, professional and non-professional immune 

cells alike (Fujita et al., 2009; Lapaquette et al., 2009; Nozawa et al., 2017). For example, canonical 

xenophagy is initiated in response to S. enterica ser. Typhimurium (henceforth, referred to as STM 

for brevity) infection in mouse embryonic fibroblasts and 3T3 (mouse cell line, fibroblast-derived) 

cells (Kageyama et al., 2011). A schematic presenting some of the major differences between 

classical autophagy and different types of xenophagy can be found in Figure 1.1. 

Canonical xenophagy begins when the cell recognises the pathogen after it has invaded, either 

through intracellular recognition of PAMPs (Cooney et al., 2010; Homer et al., 2010; Irving et al., 

2014; Travassos et al., 2010), or damaged pathogen vacuole membranes (Mansilla Pareja et al., 

2017; Meunier et al., 2014; Mitchell et al., 2018). The pathogen, or pathogen vacuole membrane, 
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becomes labelled with chains of multiple ubiquitin molecules, targeting it for autophagy (Noad et al., 

2017). Initiation complexes composed of autophagy-related (ATG) proteins accumulate at the 

fledgling autophagophore (a double membrane isolation vacuole) membrane, which is localised next 

to the ubiquitinated pathogen. Additional ATG protein containing complexes form in association 

with the autophagophore including the Autophagy related 16 like 1 (ATG16L) complex which is 

composed of Autophagy related 5 (ATG5), Autophagy related 12 (ATG12) and ATG16L1 (Fujita et al., 

2013; Kageyama et al., 2011; Mizushima et al., 2001). The ATG16L complex is the enzyme required 

for the final reaction to ligate a protein from the Microtubule-associated proteins 1A/1B light chain 3 

(LC3) family to the autophagophore (Fujita et al., 2013). LC3 proteins are required for fusion of 

double layer autophagosome membranes (Nakatogawa et al., 2007) to complete the 

autophagosome vacuole. The autophagosome matures through fusion with lysosomes to degrade 

the pathogen. 

Sometimes the xenophagic pathway can be activated in response to plasma membrane PRR 

activation by bacterial PAMPs – indicating the presence of bacteria – on the external surface of 

professional phagocytes (Gluschko et al., 2018; Huang et al., 2009; Hubber et al., 2017). This type of 

xenophagy is known as non-canonical xenophagy (or microtubule-associated proteins 1A/1B light 

chain (LC3)-associated phagocytosis). Instead of a double-membraned autophagosome, the bacteria 

become enclosed in a single membrane phagosome which is then decorated directly with LC3 

without ubiquitin (Lam et al., 2013). LC3-associated phagocytosis is morphologically and 

mechanically distinct from canonical xenophagy and requires only a subset of the proteins (including 

the ATG16L complex) required in the canonical process (Fletcher et al., 2018).  Indeed, the LC3 

attached to these single membrane autophagosomes may be required for fusion with lysosomes for 

bacterial degradation (Martinez et al., 2015), a different function to that performed in canonical 

xenophagy. 
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Figure 1.1 Summary of canonical autophagy, xenophagy and non-canonical (LC3 associated 
phagocytosis) xenophagy.  A, Nucleation and initiation complexes composed of autophagy-related 
(ATG) proteins coordinate the autophagy machinery during canonical autophagy. LC3 is added to the 
double membrane as it grows and the membrane engulfs the cellular cargo. Lysosome-
autophagosome fusion occurs once the autophagosome is mature, causing the degradation of the 
contents by the acidic environment. B, during (canonical) xenophagy, many of the same autophagy-
related (ATG) proteins bring LC3 proteins to the double-layered isolation membrane. The host cell 
specifically recognises the pathogen (foreign body), both 1. Cytosolic pathogens and 2. pathogen-
containing vacuoles (PCV) are identified through PAMPs either directly on the pathogen or on the 
PCV surface. Once recognised, the PAMPs are ubiquitinated, allowing the binding of adaptor proteins 
which recruit LC3. Intracellular pathogens can also be identified through host glycans (normally on 
the outer leaflet of the plasma membrane) found on the inside of a perforated PCV. This allows the 
perforated membrane to be adorned with LC3. In all three cases LC3 targets the pathogen to the 
autophagosome for degradation. C, non-canonical xenophagy requires the PI3KC3 complex involved 
in nucleation as required in canonical autophagy/xenophagy as well as RUBICON and UVRAG 
(proteins missing in the other forms). LC3 is added to the outside of the single layer isolation 
membrane, allowing direct fusion with a lysosome. This image is reprinted from Evans et al. (2018) 
under a Creative Commons Attribution (CC BY) licence. 

1.2.4.4. Programmed cell death 

There are multiple mechanisms of programmed cell death (PCD) in which the cell actively destroys 

itself, and some of these (pyroptosis and necroptosis) are directly caused by recognition of pathogen 

invasion. Intracellular recognition of PAMPs or DAMPs can cause inflammasome activation, leading 

to pyroptosis and the concomitant release of inflammatory cytokines interleukin (IL)-1 beta (IL-1B) 

(abbreviated to IL-1β) and IL-18. Examples of inflammasome sensors and their activating ligands 

include Absent in melanoma 2 (AIM2) which is activated by cytosolic DNA (Bürckstümmer et al., 

2009; Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Roberts et al., 2009) and NLR family 

pyrin domain containing 3 (NLRP3), which is activated in response to signs of cellular stress, such as 

mitochondrial ROS (mROS), potassium ion efflux, lysosomal damage as well as multiple other signals 

(Compan et al., 2012; Franchi et al., 2007; Groß et al., 2016; Hornung et al., 2008; Muñoz-Planillo et 

al., 2013; Perregaux and Gabel, 1994; Pétrilli et al., 2007; Shimada et al., 2012; Zhou et al., 2011). 

The NLRP3 sensor is also activated through cleavage by caspases 4 and 5 (humans), or 11 (mouse) in 

response to cytosolic LPS (Baker et al., 2015; Casson et al., 2015; Schmid‐Burgk et al., 2015; Shi et al., 

2014).  

Pyroptosis and necroptosis also cause inflammation in the surrounding tissue, through the release of 

danger-associated molecular patterns (DAMP)s and, in the case of pyroptosis, inflammatory 

cytokines IL-1β and IL-18. The DAMPs and cytokines produced result in the recruitment of other 

immune cells, such as neutrophils. During pyroptotic (and potentially necroptotic) membrane 

rupture, the soluble cytoplasmic contents are released but bacteria and organelles are trapped 

within the membranous debris known as a pore-induced intracellular trap (PIT) (Jorgensen et al., 

2016). This allows the concomitantly recruited neutrophils (and potentially macrophages) to 

phagocytose the pathogens (Jorgensen et al., 2017, 2016). 

Apoptosis (a type of non-inflammatory PCD) can also occur in response to some pathogen infections. 

Apoptotic bodies form (with intracellular contents trapped inside) and recruit professional 

phagocytes (such as macrophages), or neighbouring tissue layer cells, to phagocytose and remove 

the bodies (known as efferocytosis) – review by Poon et al., (2014). Apoptotic cells actively inhibit 

efferocytosis by neutrophils (Bournazou et al., 2009) to reduce the potential for inflammation. 

Necroptotic, apoptotic and pyroptotic pathways have multiple signalling connections ensuring PCD 
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can occur even if one form is inhibited by the pathogen (Christgen et al., 2020; Doerflinger et al., 

2020; Jorgensen et al., 2017). For a review of PCD in infection, see (Jorgensen et al., 2017). The three 

mechanisms of PCD described are important features of professional and non-professional immune 

cell responses (Hefele et al., 2018; Miao et al., 2010; Shi et al., 2014). Indeed, besides promoting the 

recruitment of further immune cells, PCD removes the availability of the intracellular niche. For 

example, infected epithelial cells undergo expulsion from the tissue layer prior to PCD generated cell 

lysis (Knodler et al., 2014; Sellin et al., 2014). 

1.2.4.5. Interferon-induced GTPases 

Interferon (IFN)-induced GTPases are a superfamily of guanosine triphosphatases which include 

guanylate‐binding proteins (GBPs) (Ngo and Man, 2017). Their expression can be induced in 

response to IFN-α, -β, and -ɣ in most, but not all, cell types (Cheng et al., 1983; The Human Protein 

Atlas, 2017; Tretina et al., 2019; Uhlén et al., 2015). Infected cells produce IFNs in response to 

stimulation of various PRRs including Toll-like receptor 4 (TLR4), Nucleotide-binding oligomerization 

domain-containing protein 1 (NOD1) (Watanabe et al., 2010), Nucleotide-binding oligomerization 

domain-containing protein 2 (NOD2) (Leber et al., 2008; Pandey et al., 2009) and many DNA sensors 

(such as cyclic GMP- AMP synthase (CGAS)) (Man et al., 2015; Meunier et al., 2015; Storek et al., 

2015). GBPs are mainly localised to the cytosol or intracellular vesicles (Britzen-Laurent et al., 2010; 

Kravets et al., 2016; Tripal et al., 2007; Vestal et al., 2000) and participate in intracellular bacterial 

clearance in three ways. Firstly, they can disrupt bacteria-containing vacuoles to expose the bacteria 

(and PAMPs, such as LPS) to the cytosol (Feeley et al., 2017; Fisch et al., 2019; Meunier et al., 2014; 

Pilla et al., 2014). Secondly, they can recruit NADPH oxidase and autophagic agents to the bacteria-

containing vacuole for bacterial degradation (B.-H. Kim et al., 2011). Last but not least, they can lyse 

cytosolic bacteria to expose bacterial DNA to promote inflammasome activation and subsequent cell 

death (P. Li et al., 2017; Man et al., 2015; Meunier et al., 2015; Wandel et al., 2017). 

 

1.3. Rationale for selection of pathogenic bacteria for infection screens 

Three important intracellular pathogens were chosen to assess the potential of host response gene 

products as therapeutic targets at various stages of target discovery and validation; STM, Shigella 

sonnei and F. tularensis. Species of Salmonella and Shigella are listed as high priority and priority 

level pathogens respectively, requiring further research into antibacterial treatments due to 

concerning levels of antibiotic resistance (Tacconelli and Magrini, 2017). S. sonnei has widespread 

fluoroquinolone resistance (Chung The et al., 2019, 2016; De Lappe et al., 2015). All of the selected 

species are Gram negative bacteria, thus they have an intrinsic mechanism of resistance to some 

antibiotics due to a double cell membrane (hydrophilic and hydrophobic) (Acosta-Gutiérrez et al., 

2018). Some species of bacteria can become temporarily resistant through the modulation of gene 

expression – for example, STM forms persistent colonies within macrophages (Stapels et al., 2018). 

Additionally, STM persisters can function as a reservoir of antibiotic resistance plasmids (Bakkeren et 

al., 2019). 

STM is a globally important pathogen and while it causes relatively low morbidity for the majority of 

the population, the infection can increase in severity in immune-compromised individuals. Shigella 

spp. are also globally prevalent, causing shigellosis (a form of dysentery), which can be life 

threatening in the elderly. F. tularensis (the agent of tularaemia) is mainly found in the Northern 

hemisphere in prairie- or farmlands (Rodríguez-Pastor et al., 2017). The infective dose of F. tularensis 

is extremely low and can have a high morbidity depending on the type of exposure as well as the 
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infecting species. A summary of the prevalence and characteristics of these pathogens can be found 

in Table 1.2, symptoms can be found in Table 1.3. Based on the low infective dose and high 

morbidity, the CDC listed F. tularensis as category A (the highest threat category) on its potential 

bioterrorism agents list (Centers for Disease Control and Prevention, 2018). STM and S. sonnei were 

also classed as potential bioterrorism agents (Category B) requiring research into treatment for 

better preparedness. As the most virulent strain of F. tularensis, Schu S4 (subspecies (subsp.) 

tularensis) is a Biosafety level (BSL) 3 pathogen a BSL 2 model of F. tularensis, the subsp. holarctica 

live vaccine strain (LVS) was chosen to identify host infection factors that might translate to the 

virulent Schu S4 strain. 

Another pathogen, the parasitic apicomplexan Toxoplasma gondii, is also listed in Table 1.2 and 

Table 1.3 as it was used in some preliminary validation prior to this work (described in Section 1.10). 

T. gondii causes toxoplasmosis, a widespread zoonotic disease (Robert-Gangneux and Dardé, 2012) 

that can be particularly harmful in utero. T. gondii is listed as a Category B potential bioterrorism 

agent (NIH: National Institute of Allergy and Infectious Diseases, 2016) and has a slow growing form 

(bradyzoite) during chronic infection that lacks effective antimicrobials (Dunay et al., 2018).  
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Table 1.2: Characteristics of pathogens used in gene trap screens and phenotyping of CRISPR mutant cells described in Table 1.4. N/A means not 

applicable 

Pathogen Gram Motility Invasion strategy niche Host cell types geography 

Salmonella 
enterica serotype 

Typhimurium 
negative motile 

Type III secretion 
system 

Salmonella 
containing 
vacuole, 

extracellularly 

Epithelial cells, 
macrophages, 

monocytes 
Likely global 

Shigella sonnei Negative 
Non-motile 

(has a 
flagellum) 

Type III secretion 
system 

cytosol 
Epithelial cells, 
macrophages 

Global, most infections 
in low- and middle-
income countries 

Francisella 
tularensis 

negative Non-motile 

Clathrin and actin 
are required for 
invasion of non-
phagocytic cells 

(Law et al., 2011). 
Phagocytic 
engulfment 

through 
pseudopod loops 
(Clemens et al., 

2005). 

cytosol 

wide variety of host 
cell types including 

monocytes, 
macrophages 

USA and northern 
hemisphere (subspecies 

dependent) 

Toxoplasma gondii N/A motile 
Dependent on 

parasite secreted 
proteins 

parasitophorous 
vacuole 

all nucleated cells 

Likely global, zoonotic, 
reservoirs in many 

mammalian species, 
difficult to detect 
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Table 1.3 Symptoms of, and human populations susceptible to, diseases caused by pathogens of interest. Gastroenteritis refers to the following 
constellation of symptoms; nausea, vomiting, diarrhoea, and abdominal pain. Anorexia in this context refers to the loss of appetite as a medical condition. 
Acute respiratory distress syndrome is a form of severe inflammatory lung trauma frequently precipitated by infection (Laffey et al., 2017). Infection of 
monocytes by S. enterica ser. Typhimurium (STM) is described in Serbina et al., (2008) and Vazquez-Torres et al. (1999). Information on the epidemiology of 
shigellosis (the disease caused by Shigella species) is from Kotloff et al., (2018). Information on symptoms of pneumonic tularemia (caused by species of 
Francisella) is from Adalja et al., (2015) and information on other types of tularemia is from Kingry and Petersen (2014). Information on infection 
characteristics of tularemia at the cellular level is from Rowe and Huntley (2015) and Meyer et al., (2015). Information on symptoms and susceptibility to 
meliodosis (caused by Burkholderia pseudomallei) is from Currie et al., (2010). Information regarding molecular infection characteristics of meliodosis is from 
Vander Broek and Stevens (2017) and Willcocks et al. (2016). Information on epidemiology and molecular characteristics of infection of toxoplasmosis 
(caused by T. gondii) are from Robert-Gangneuxa and Dardé (2012). 

Pathogen Symptoms Susceptible population 

STM 
Self-limiting acute gastroenteritis, with watery diarrhoea, bacteraemia in 

immunocompromised individuals 

Detected in young children, the elderly, and 

immunocompromised individuals, but 

milder unreported infections occur in 

healthy individuals 

Shigella sonnei 

Most cases: fever, headache, malaise, anorexia, and vomiting followed by watery 

diarrhoea. Some asymptomatic. In others symptoms progress to small frequent bloody 

stools, abdominal cramps and tenesmus 

All ages, most infections in children 1-4 yrs 

age 

Francisella 

tularensis 

Dependent on route of transmission. Pneumonic tularemia (caused by inhalation of 

aerosols); starts with symptoms similar to pneumonia, leads to cytokine storm, ‘acute 

respiratory distress syndrome’, and respiratory failure. Other modes of transmission 

result in ulcers at the site of infection, swollen glands and fever. 

All 

Toxoplasma 

gondii 

Otherwise healthy individuals (including most pregnant women) present as 

asymptomatic, otherwise fever or enlarged cervical lymph nodes, some experience 

muscle pain, physical weakness, ocular inflammation 

People at risk are pregnant women, 

foetuses, immunocompromised individuals 
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1.4. Infection lifecycle of bacteria of interest 

The interactions of various bacteria of interest with host cells during the course of infection 

is described below to give some context to the cell autonomous host responses to be 

investigated.  

1.4.1. Salmonella enterica serotype Typhimurium infection 

Infection with non-typhoidal Salmonella — those causing gastroenteritis — (e.g. STM) 

begins with ingestion of contaminated substances (normally food). Once swallowed, STM in 

food is carried through the gastrointestinal system to the small intestine through peristalsis. 

Salmonella spp. modify Lipid A (part of LPS) in response to host-invasion cues so these 

bacteria can avoid detection by Toll-like receptor (TLR) 4 (Needham and Trent, 2013). 

Salmonella can invade the intestinal epithelia via non-phagocytic epithelial cells (Tahoun et 

al., 2012) by inserting a Type III Secretion System (T3SS) — encoded by Salmonella 

pathogenicity island (SPI)-I — into the plasma membrane to transfer effectors into the host 

cell. These effectors (virulence proteins adapted to control host processes) promote actin 

polymerisation and membrane ruffling, facilitating bacterial uptake (Raffatellu et al., 2005; 

Zhang et al., 2018). One of these effectors, Guanine nucleotide exchange factor SopE 

(SopE), activates host Ras-related C3 botulinum toxin substrate 1 (RAC1) the activity of 

which greatly enhances membrane ruffling and invasion (Criss et al., 2001; Friebel et al., 

2001; Patel and Galán, 2006; Rudolph et al., 1999). Salmonella is also frequently taken up 

by phagocytic microfold cells – an epithelial cell adapted to sample the intestinal interior 

(Jones et al., 1994; Radtke et al., 2010) – which are localised in Peyer’s patches (specialised 

regions of the intestinal wall). In either case, a vacuole forms around the STM. STM 

promotes maturation of this vacuole (to make it suitable for bacterial replication) by 

secreting further effectors through a different T3SS encoded by SPI-II. The mature vacuole 

is known as the Salmonella containing vacuole (SCV). Mouse NLR family apoptosis inhibitory 

proteins (NAIPs) recognise Salmonella T3SS components and flagella (Kofoed and Vance, 

2011; Rayamajhi et al., 2013; Yang et al., 2013; Zhao et al., 2011). In some Salmonella-

infected epithelial cells within the intestinal epithelium, one or more of these components 

are recognised, causing the activation of the NAIP- NAIP-NLR family CARD domain 

containing 4  (NLRC4) inflammasome, extrusion and pyroptosis of Salmonella-infected 

epithelial cells (Sellin et al., 2014). In mice, this results in reduced Salmonella replication 

within the gut at early time points. The human NAIP also recognises T3SS needle and 

flagella proteins (Grandjean et al., 2017; Kortmann et al., 2015; Yang et al., 2013), though 

the potential effects of this have not been investigated. 

A small proportion of SCVs become perforated due to intra-vacuolar SP-I-T3SS mediated 

damage (Birmingham et al., 2006; Knodler et al., 2010), releasing the bacterial contents into 

the cytoplasm (Laughlin et al., 2014; Liss and Hensel, 2015; Thurston et al., 2016). Caspase 4 

activates the inflammasome in response to liberated, cytosolic LPS in Salmonella-infected 

human epithelial cells (Knodler et al., 2014; Shi et al., 2014). The inflammasome activation 

causes epithelial cell extrusion from the epithelium into the intestinal lumen and undergo 

pyroptosis (Knodler et al., 2014, 2010; Shi et al., 2014). Intracellular Salmonella within 

pyroptotic host cells remain secluded within the PIT (as described above) and may be 
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phagocytosed by recruited neutrophils or macrophages (consequences described below) 

(Jorgensen et al., 2017, 2016).  

Phagocytosis by macrophages results in further bacterial multiplication through the 

establishment of a sustained population of STM inside SCVs (Miao et al., 2010), though a 

small population of bacteria can also be found in the cytosol as a result of a host cell 

response (Perrin et al., 2004). This occurs in large part through the process of GBP-

mediated SCV lysis (Meunier et al., 2014). Chromosome 3 GBPs also mediate autophagy of 

STM in perforated SCVs (Figure 1.1  
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). Galectin-8 (LGALS8) (a cytosolic beta-galactoside-binding lectin) recognises and binds to 

host glycans found on the inside of perforated SCVs. Galectin-8 recruits microtubule-

associated proteins 1A/1B light chain (LC3), a key autophagy protein, to newly cytosolic 

STM in a GBP dependent manner (Meunier et al., 2014); thus, promoting xenophagic 

digestion of STM. Exposure of STM to the cytosol can also activate the inflammasome and 

stimulate pyroptosis (Meunier et al., 2014). Macrophages can also respond to the 

recognition of intracellular Salmonella infection by initiating cell death. Macrophages are 

able to recognise Salmonella and activate the inflammasome to initiate pyroptosis through 

many mechanisms (as introduced in Sections 1.2.4.1 and 1.2.4.4) including the NAIP-NLRC4 

inflammasome (Bierschenk et al., 2019; Miao et al., 2010) and caspase 4 activation 

(Bierschenk et al., 2019). Further detail describing the macrophage as a replicative niche for 

STM is in Section 1.6.1 and a summary schematic of STM macrophage infection is presented 

later in Figure 1.2. 

STM can outcompete colonic microbiota in the lumen under inflammatory conditions 

(Stecher et al., 2007) by using the sulphur-containing electron acceptor tetrathionate 

(Winter et al., 2010). Winter et al., (2010) discovered that tetrathionate is formed in the 

inflamed colonic lumen by oxidation of thiosulphate, mainly due to NADPH oxidase (Cybb)-

dependent release of oxygen radicals. Thiosulphate is generated by colonic mucosal tissue 

from toxic hydrogen sulphide (Furne et al., 2001; Levitt et al., 1999) which is itself produced 

by microbiota within the colon. If invading neutrophils phagocytose extracellular STM, they 

efficiently kill the bacteria with ROS (Miao et al., 2010) making neutrophils a key effector 

cell type in Salmonella clearance from the gut. Human STM infection normally produces 

self-limiting gastroenteritis but can become systemic in immunocompromised individuals 

(Gordon, 2008). 

1.4.2. Francisella tularensis infection 

Human F. tularensis infection occurs via infected animals or vectors through multiple 

routes. The pathogen localises to a variety of organs, including the lungs, skin, small 

intestine and eye; though the focus depends on the route of transmission (Cross et al., 

2019; Maurin and Gyuranecz, 2016). It has an extracellular phase (Forestal et al., 2007) but 

the intracellular phase appears to be the most important for productive infection. F. 

tularensis enters, survives and proliferates inside many types of host cells, including but not 

limited to, neutrophils (McCaffrey and Allen, 2006), lung epithelial cells (Hall et al., 2007) 

and macrophages (Hall et al., 2008). Information on the mechanisms of infection come 

from a combination of pathogen subspecies (F. tularensis subsp. novicida U112 strain, 

subsp. holarctica LVS, subsp. tularensis Schu S4 strain), host species (mouse, human) and 

cell types; which can change the host-pathogen interactions substantially (Celli and Zahrt, 

2013). Thus, where possible information garnered from experiments using the subsp. 

holarctica strain LVS and the subsp. tularensis strain Schu S4 in human cells will be used. 

In mouse bone marrow-derived macrophage (BMDM) infection, F. tularensis subsp. 

tularensis Schu S4 transiently appears in late endosomes or phagolysosomes (as measured 

by lysosomal-associated membrane protein 1 (LAMP-1) and LysoTracker Red DND-99 

bacterial co-localisation) before escaping (Chong et al., 2008; Geier and Celli, 2011). The 

novicida subsp. also transiently co-localises with the host proton v-ATPase complex 
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(required for acidification and phagosome maturation) and LysoTracker Red DND-99 in 

human monocyte derived macrophages (MDMs) before also entering the cytosol (Santic et 

al., 2008). The Type VI Secretion System (T6SS)-like proteins (such as VrgG) in Francisella 

are predicted to puncture host plasma- and vacuole- membranes (Pukatzki et al., 2007) to 

introduce bacterial effectors into the cytoplasm. The cytosol is permissive for replication of 

Francisella. Indeed the secretion system is required for intracellular proliferation and 

phagosome escape in the novicida subsp. (Brodmann et al., 2017) and the holarctica subsp. 

LVS (Lindgren et al., 2004). However, cytosolic bacteria are also exposed to the cell-

autonomous innate immune response. For example, infection of mouse BMDMs with the 

novicida or holarctica (LVS) subsp. results in AIM2 inflammasome activation with 

concomitant IL-1β production (Fernandes-Alnemri et al., 2010; Rathinam et al., 2010). 

Infection of phorbol 12-myristate 13-acetate (PMA)-treated human THP-1 (macrophage-

like) cells with the novicida or holarctica subsp. LVS strain produces NLRP3 inflammasome 

activation in addition to the AIM2 inflammasome (Atianand et al., 2011). F. tularensis has 

evolved to avoid or resist other cell-autonomous innate immune responses, as would be 

expected of a cytosol specialised pathogen. For example, the novicida subsp. U112 and the 

holarctica subsp. LVS are somewhat resistant to BMDM produced ROS (Llewellyn et al., 

2011). Additionally, BMDMs fail to produce ROS upon tularensis subsp. Schu S4 infection, 

despite a normal capacity to produce ROS under other conditions (Geier and Celli, 2011), 

suggesting some form of pathogen-mediated suppression. Novicida subsp. strain U112 and 

tularensis subsp. strain Schu S4 avoid the xenophagic pathway in human embryonic kidney 

(HEK)-293T and human monocyte-derived macrophage (MDM) cells despite lengthy periods 

of replication in the cytosol (Akimana et al., 2010; Edwards et al., 2010). Respiratory 

tularaemia (caused by aerosolised F. tularensis) has a high mortality rate (~40%) in humans 

(Foley and Nieto, 2010). The macrophage as a replicative niche for F. tularensis is described 

further in Section 1.6.2, along with a summary schematic in Figure 1.2. 

 

1.4.3. Shigella sonnei 

The vast majority of research literature on Shigella infection is about Shigella flexneri, so 

most of this information is inferred from S. flexneri research. Human Shigella infection 

begins with ingestion. The bacteria move through the intestinal epithelium by transcytosis 

through microfold cells (Ranganathan et al., 2019), allowing access to the basolateral side. 

Macrophages and  DCs found in the microfold cell pocket phagocytose the bacteria, which 

quickly escape the phagosome into the cytosol through a T3SS dependent mechanism 

(Paetzold et al., 2007). Shigella replicates in the cytosol, before instigating the pyroptotic 

cell death of its host cell (Arizmendi et al., 2016; Kayagaki et al., 2015; Suzuki et al., 2014) 

allowing the bacteria access to the basolateral face of the intestinal epithelial wall. This 

brief intracellular interaction with macrophages is summarised later in Figure 1.2. Shigella 

invade the basolateral side of the epithelial cells (Ranganathan et al., 2019), using the T3SS 

to secrete effectors (including IpgB1) directly into the host cell cytoplasm, inducing 

bacterial uptake. Shigella effector IpgB1 localises Rac1 activation – the same host GTPase 

Salmonella uses for invasion – to enable host cell invasion (Bulgin et al., 2010; Criss et al., 

2001; Ohya et al., 2005; Patel and Galán, 2006; Weigele et al., 2017). Once in the epithelial 

endocytic vacuole Shigellae escape into the cytosol in a T3SS dependent manner (Du et al., 
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2016). The intestinal epithelial cell cytosol is the optimal host cell niche and the bacteria 

replicate intensely. To maintain this cellular niche, Shigella regulates many immune 

responses in host epithelial cells (Schnupf and Sansonetti, 2019) including the 

downregulation of inflammatory chemokines and inhibition of programmed cell death 

(Bergounioux et al., 2012; Kobayashi et al., 2013; Sperandio et al., 2008). Another method 

of host response escape is the use of actin tails to physically push through into 

neighbouring host cells; generating a double membrane from which it escapes (Michard et 

al., 2019). Uninfected bystander epithelial cells instigate an inflammatory response, 

secreting IL-8 (Kasper et al., 2010) which recruits neutrophils. Infected epithelial cells 

eventually die by necrosis (Carneiro et al., 2009) and pyroptosis (Dupont et al., 2009), upon 

which Shigellae are likely retained in PITs (Jorgensen et al., 2016). Neutrophils or 

macrophages may phagocytose the Shigellae containing-PITs (Jorgensen et al., 2016). 

Neutrophils, unlike macrophages, are able to efficiently kill phagocytosed Shigella (Li et al., 

2010) and are well-established as the key effector cells in Shigella clearance (Hermansson 

et al., 2016) and disease resolution. 

 

1.5. Phagocytes as important innate host defence cells 

Professional phagocytes include macrophages, dendritic cells, monocytes and neutrophils. 

Macrophages are found resident in individual tissues or are recruited from the bone 

marrow as monocytes, which then differentiate into macrophages. Tissue macrophages and 

DCs act as resident sentinels of the host tissue; the former scanning for deviations in 

homeostasis, the latter sampling the environment and educating the adaptive immune 

system. Tissue macrophages have expression profiles that are unique to their tissue 

microenvironment (Gautier et al., 2012); but broadly maintain homeostasis as well as 

mediating tissue repair responses in post-infection or chronic inflammatory settings. As 

these phagocytes are already present in the tissue, they are uniquely situated to respond to 

invading pathogens. Macrophages, unlike DCs are well equipped to kill or coordinate the 

destruction of most microorganisms (though this is dependent to some degree on their 

activation state) (Gordon, 2016; McCurley and Mellman, 2010). 

Human blood circulating monocytes have the capacity, through further differentiation, to 

contribute to tissue macrophage populations (which endocytose debris) (Bajpai et al., 2018; 

Bujko et al., 2017), resident DC populations (which sample the local environment) (Richter 

et al., 2018) and inflammatory DCs (Goudot et al., 2017; Segura et al., 2013; Wilsmann-

Theis et al., 2013) - reviewed in Tang-Huau and Segura (2019) in response to differential 

signals. There are numerous circumstances under which monocytes extravasate (move 

across a vessel wall) into tissues including, most relevantly, bacterial infection. In mouse 

blood, monocytes respond to signals characteristic of bacterial infection by differentiating 

into ‘effector monocytes’, a term coined by Mildner et al., (2013). These effector 

monocytes express tumour necrosis factor (Tnf) and inducible nitric oxide synthase (Nos2) 

(produces reactive nitrogen species - RNS), are inflammatory and thus generate tissue 

damage to both host and pathogen (Serbina et al., 2003). Human macrophages also express 

NOS2 (Bogdan, 2015; Hedl et al., 2019). 
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1.5.1. Classical and alternative activation of macrophages 

Macrophages have a continuous spectrum of phenotypes in vivo broadly categorised as 

classically- (inflammatory) or alternatively- (anti-inflammatory) activation states. In vitro 

macrophages can be modelled by culturing and differentiating human blood monocytes 

into macrophages – known as MDMs – or by culturing mouse BMDMs. For practical 

purposes the macrophage phenotype spectrum is modelled by a distinct number of 

activation states in vitro (Murray, 2017; Murray et al., 2014), of which IFN-ɣ + LPS 

stimulated macrophages – M1(IFN-ɣ + LPS) – and IL-4 stimulated macrophages – M2(IL-4) –

will be described for contrast. The combination of IFN-ɣ and LPS induces a strong 

inflammatory phenotype, replete with secreted inflammatory cytokines, such as TNF-α, IL-

12p40, IL-6, IL-8 and IFN-ɣ (Tarique et al., 2015; Vogel et al., 2014). M1(IFN-ɣ + LPS) MDMs 

also secrete ROS (Sanjurjo et al., 2018), an important component of the microbicidal 

arsenal of inflammatory macrophages (Lv et al., 2017; Yang et al., 2009). Human blood 

monocytes and M1(IFN-ɣ + LPS) MDMs also generate intraphagosomal ROS through the 

action of NADPH oxidase (Canton et al., 2014; Foote et al., 2019). Additionally, IFN-ɣ 

stimulated mouse BMDMs are more effective than unstimulated BMDMs at Escherichia coli 

and Burkholderia pseudomallei (a facultative intracellular bacterium) clearance in vitro 

(Eske et al., 2009). In contrast, M2(IL-4) MDMs have reduced proinflammatory cytokine 

(IL8, IL6, IL1A, IL18, TNF) transcription (Chaitidis et al., 2005; Gharib et al., 2019) and 

proinflammatory cytokine reduced secretion (of IL-12, TNF-α and IL-6) (Vogel et al., 2014). 

M2(IL-4) MDMs do not secrete ROS either (Sanjurjo et al., 2018). Instead M2(IL-4) MDMs 

and mouse BMDMs serve as in vitro models to study polarised functions such as the 

maintenance of homeostasis – such as heat regulation (Nguyen et al., 2011), controlling fat 

storage (Moratal et al., 2018) – as well as mediating tissue healing (Bosurgi et al., 2017). 

M2(IL-4) polarised MDMs also efferocytose more apoptotic cells than genotype media 

matched controls (Gharib et al., 2019). 

Macrophage polarity is tightly linked to metabolism. Indeed, the Tricarboxylic acid (TCA) 

cycle becomes disrupted in M1(IFN-ɣ + LPS) macrophages, generating an increased level of 

succinate (Jha et al., 2015). The succinate is required for the indirect induction of IL-1β 

(Tannahill et al., 2013). Furthermore, changes in the activity of the electron transport chain 

in response to bacterial stimulation or exogenous IFN-ɣ and LPS cause excess mROS 

generation (Chouchani et al., 2014; Garaude et al., 2016; Guarás et al., 2016; Jha et al., 

2015; Jin et al., 2014; Lapuente-Brun et al., 2013; Lopez-Fabuel et al., 2016). The excess 

mROS is linked to reductions in intracellular bacterial burden (Roca and Ramakrishnan, 

2013; West et al., 2011). 

Excess mROS reduces intracellular bacterial burden (Roca and Ramakrishnan, 2013; West et 

al., 2011) through three possible mechanisms. Firstly, mROS production is an important 

mechanism of antibacterial activity within macrophages (Roca and Ramakrishnan, 2013; 

West et al., 2011), but the mechanism for this is still unclear. Furthermore, STM lacking the 

ability to stabilise the SCV become exposed to the cytoplasm, resulting in exposure to 

oxidative stress and consequent reduced bacterial replication (Heijden et al., 2015). Indeed, 

it has been reported that mitochondria are brought in proximity to bacterial PAMP 

containing phagosomes (West et al., 2011); thus, mROS may be directly bactericidal. A 

small proportion of wild type STM are found in the cytoplasm (Knodler et al., 2010; 
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Meunier et al., 2014; Perrin et al., 2004), so this oxidative activity would also affect wild 

type STM. Secondly, mROS (in response to LPS stimulation) has been shown to stimulate 

proinflammatory cytokine and Nos2 gene expression in BMDMs and fibroblasts (Bulua et 

al., 2011; Jin et al., 2014). The proinflammatory cytokines indirectly aid the infection 

response and Nos2 (also expressed by human macrophages (Bogdan, 2015)) produces 

bactericidal reactive nitrogen species (Serbina et al., 2003). NLRP3 appears to have multiple 

activating signals, though the mechanism for integrating these is unclear (Groß et al., 2016; 

Shimada et al., 2012; Zhou et al., 2011). 

In contrast, M2 macrophages have a complete TCA cycle and enhanced mitochondrial 

oxidative phosphorylation which are required for M2 polarised functions. 

1.6. Macrophages as a pathogen niche 

Intracellular invasion of macrophages and epithelial cells by Salmonella is required for a 

productive infection, as this allows avoidance of neutrophil-mediated killing (LaRock et al., 

2015). F. tularensis and Shigella also replicate and produce productive infections inside 

macrophages (Ashida et al., 2011; Case et al., 2014). The macrophage as a common 

pathogen niche for these bacteria is summarised in Figure 1.2 – thus, host-pathogen 

interactions within this cell type are of particular interest. 
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Figure 1.2 Three diverse intracellular bacterial pathogens (S. enterica, F. tularensis, S. 
sonnei) share the macrophage as a replicative niche – thus the macrophage is used as an 
in vitro model to screen for shared host infection factors. Top - S. enterica and S. sonnei 

utilise similar mechanisms of host cellular entry and the latter shares a cytoplasmic 

intracellular niche with F. tularensis; yet each differs in aspects of the mechanisms of 

achieving entry, survival, and replication within macrophages. The vast majority of S. 

enterica bacteria replicates inside a Salmonella containing vacuole (SCV), where the 

environment can be controlled. Meanwhile, the macrophage responds to the bacterial 

invasion by modifying its metabolic activity to aid intracellular antibacterial activity. 

Eventually the infection sets off a cascade of events resulting in (often lytic) host cell death. 

Bottom - two macrophage host infection screens are planned to identify shared, perhaps 

even universal, host infection factors that may be pharmacologically modulated to reduce 

bacterial burden, thus, reducing morbidity. These genes must be validated in independent 

knockouts (KOs) through measurement of host cell death in response to infection, as well as 

intracellular bacterial burden. 
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1.6.1. Macrophage responses to S. enterica ser. Typhimurium 

Many intracellular pathogens are preferentially found in macrophages with specific 

phenotypes and have effectors that modulate macrophage responses to promote the 

preferred phenotype. In in vitro infection experiments using STM, mouse BMDMs could be 

categorised into 4 groups; uninfected bystander macrophages, macrophages containing 

host-killed STM, macrophages with active non-growing STM and macrophages with growing 

STM (Stapels et al., 2018). Mouse BMDMs containing host-killed STM expressed M1-like 

transcriptional markers (nuclear factor kappa B subunit 2 (Nfkb2), CD40 molecule (Cd40), 

Il1b, Nlrp3, and Tnf) (Saliba et al., 2016; Stapels et al., 2018). In contrast, mouse BMDMs 

containing growing STM expressed M2 transcriptional markers (interleukin-4 receptor 

alpha (Il4r), arginase 1 (Arg1), ornithine decarboxylase 1 (Odc1), peroxisome proliferator-

activated receptor delta (Ppard), and TIMP metallopeptidase inhibitor 1 (Timp1)) (Saliba et 

al., 2016; Stapels et al., 2018) and BMDMs with intracellular active non-growing STM 

expressed a combination of M1-like and M2-like transcriptional markers (Stapels et al., 

2018). The observation that M2 macrophages (as measured by IL-4 receptor alpha chain – 

IL4RA – surface expression) with growing STM was additionally sustained in an acute STM 

model in vivo (Stapels et al., 2018). These suggest that a less inflammatory cellular 

environment aids STM survival, indeed, STM are found to actively drive M2-like activation 

of BMDMs in vitro (Stapels et al., 2018). A recently described mechanism for this is the 

interaction of a STM effector protein with Glycogen Synthase Kinase 3 Beta (GSK3B), 

causing GSK3B to phosphorylate and activate signal transducer and activator of 

transcription 3 (STAT3), thus, triggering polarisation towards an M2-like phenotype (Gibbs 

et al., 2020; Panagi et al., 2020). Furthermore, the beneficial environment inside M2 

macrophages is also seen in human biology, as STM replicates faster in M2(IL-4) MDMs 

than in MDMs stimulated with IFN-ɣ + LPS (Lathrop et al., 2015). During persistent in vivo 

infection STM are more frequently found within IL4RA (alternatively activated) 

macrophages than in inflammatory nos2 expressing effector monocytes (Pham et al., 2020); 

suggesting that the former are an important bacterial reservoir. 

1.6.2. Macrophage responses to F. tularensis Schu S4 

F. tularensis LVS infection of BMDMs stimulates IL-6, IL-12 (p40 subunit) and IL-10 secretion 

(Griffin et al., 2013; Navratil et al., 2014). In contrast, the virulent F. tularensis Schu S4 

strain reduces the transcription of the PRRs and associated adaptors Toll-like receptor 2 

(TLR2), TLR4, CD14 molecule (CD14) and MYD88 innate immune signal transduction adaptor 

(MYD88) in infected MDMs; furthermore, infected MDMs are unresponsive to TLR2 or TLR4 

stimuli (Butchar et al., 2008). Additionally, Nuclear factor kappa B (NF-κB) activation is 

prevented during Schu S4 infection of MDMs; thus preventing TNF-α and IL-6 secretion in 

response to exogenous IFN-ɣ (Melillo et al., 2010). Thus, F. tularensis Schu S4 appears to 

create hyporesponsive host macrophages in vitro. Nevertheless, exogenous IFN-ɣ limits F. 

tularensis Schu S4 growth inside murine BMDMs and human MDMs (Edwards et al., 2010), 

suggesting that IFN-ɣ still has some intracellular effect. F. tularensis LVS infection of the 

mouse peritoneal cavity stimulated the alternative activation (Resistin-like alpha (Retnla) 

aka FIZZ-1+`) of peritoneal macrophages (Shirey et al., 2008). However, the importance of 
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alternatively activated macrophages in F. tularensis LVS or Schu S4 infection could not be 

corroborated when mice were inoculated intranasally to infect the lung (to emulate 

pulmonary tularemia) (D’Elia et al., 2015; Griffin et al., 2013). Indeed, F. tularensis strain 

Schu S4 and LVS mouse infections lacked a significant infiltration of anti-inflammatory 

macrophages (characterised in D’Elia et al., (2015) as FIZZ-1+, Arg1+ and FIZZ-1+, Arg1+, 

chitinase-like 3 (chil3) aka (Ym-1)+ in Griffin et al., (2013)) into the site of pathology (D’Elia 

et al., 2015; Griffin et al., 2013). Therefore, these alternatively activated macrophages were 

not available as an intracellular niche. Instead the F. tularensis Schu S4 infected mouse lung 

had high numbers of classically activated macrophages (NOS2 staining) (D’Elia et al., 2015). 

The animals developed high levels of morbidity, despite the high numbers of classically 

activated macrophages, perhaps due to the resistance of Schu S4 to oxidative stress (Melillo 

et al., 2010). 

1.6.3. Macrophage responses to S. sonnei 

Shigella sonnei and flexneri evolved at different times from Escherichia coli harbouring the 

pINV virulence plasmid (which contains the type III secretion system and effectors required 

for intracellular infection) (Hawkey et al., 2020). No literature is available on the effects of 

S. sonnei effectors on macrophage polarisation or activity, so literature on S. flexneri will be 

discussed where relevant. Additionally, most of the literature describing host cell 

interactions with Shigella effectors have been performed in non-macrophage cells (e.g. 

HeLa cells) so the majority of this section suggests what might happen in macrophages on 

this basis. A major difference between the response of macrophages and colonic epithelial 

cells (enterocytes) to Shigella is that the former undergoes inflammatory cell death a short 

time after infection (Arizmendi et al., 2016; Kayagaki et al., 2015; Suzuki et al., 2014; 

Watson et al., 2019). S. flexneri induced macrophage cell death occurs through the 

engagement of the NLRP3, NLRC4 and NLRP1B inflammasomes through the action of the 

IpaH7.8 effector (homologous protein expressed by S. sonnei, Uniprot accession ID Q3YTT4) 

(Sandstrom et al., 2019; Suzuki et al., 2014; The UniProt Consortium, 2021). In contrast, 

enterocytes do not express NLRP3 or NLRC4 mRNA, so cannot activate the respective 

inflammasomes (found at The Human Protein Atlas, http://www.proteinatlas.org) (Uhlén et 

al., 2015). 

S. flexneri interrupts NF-kB signalling to desensitise epithelial cells to PAMP- and 

inflammatory cytokine- stimulation and it is expected that these interactions will also occur 

in macrophages due to shared host cell signalling mechanisms. One S. flexneri effector, 

IpaH0722, prevents NF-kappa-B inhibitor alpha (NFKBIA) degradation in HeLa cells (Ashida 

et al., 2013). In homeostatic conditions, NFKBIA binds to the nuclear localisation signal of 

NF-kB, preventing it from translocating to the nucleus and stimulating the transcription of 

inflammatory cytokines. NFKBIA is degraded in response to S. flexneri ΔIpaH0722 (IpaH0722 

KO) infection within 1 hr 20 minutes (Ashida et al., 2013), indicating that S. flexneri (and 

perhaps S. sonnei) have sufficient time modulate the macrophage environment prior to 

stimulating host cell death (Kayagaki et al., 2015) (and data not shown). Another S. flexneri 

effector, OspZ, blocks TNF-α directed localisation of the NF-κB p65 subunit to the nucleus 

(Newton et al., 2010); thus somewhat inhibiting the responses of infected cells (e.g. 

synergistic IL-8 secretion)  to other immune cells (Zhang et al., 2016). S. sonnei is also 

predicted to express OspZ protein (Uniprot accession ID A0A6N3N0L6) (The UniProt 
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Consortium, 2021). If these interactions occur during S. sonnei infection of macrophages, 

then the infected macrophages would be less responsive to some aspects of the infection. 

 

1.7. The molecular tools to assess host cell gene function in the 
context of pathogen infection 

To identify potential host factors relevant to the infection process, gene (or protein) 

phenotype relationships need to be interrogated. So how is a gene-function relationship 

identified? The three main methods are rooted in classical genetics, ‘-omics’ 

methodologies, and functional genetics. The first looks at the diversity of human gene 

variation to discover how phenotypic variation in human traits (such as disease resistance) 

arises, the second uses transcriptomic datasets to identify genes that respond to a 

perturbation (such as infection) in a biological system; and the third involves mutating 

genes and comparing the resulting mutants to the wild type state under conditions of 

interest (Marchetti et al., 2012). Functional genetics can be further partitioned into forward 

and reverse approaches; the former beginning with a phenotype and later identifying the 

underlying genetic differences, the latter perturbing genes and identifying those that cause 

the required phenotype. A good example of reverse genetics on a large scale is the mouse 

phenotyping consortium (https://www.mousephenotype.org/) (Dickinson et al., 2016). 

Forward genetic, functional screening is the method employed throughout this project. In 

essence, we are creating a spectrum of gene mutations and using their effect on cell 

resistance or susceptibility to infection as the phenotype under examination. Gene 

mutations isolated in this way provide new information on the processes and pathways 

that are employed by host cells as defences or, conversely, hijacked by pathogens as 

survival and reproductive strategies. Note that a key advantage of these ‘functional’ 

screens is that there is a clear cause-effect link: transcriptomic approaches suffer from a 

lack of clarity in this regard because observed gene expression changes could be directly 

related to pathogen infection, indirectly related to infection, or even long-term 

homeostatic response mechanisms. 

1.8. Creation of mutant cell line libraries for screening purposes 
– potential tools 

There are several (physical, chemical, and molecular) methods for creating mutant or 

knockdown cell line libraries. Recent popular methods of choice are gene trap mutagenesis, 

ribonucleic acid (RNA) guided endonucleases (a.k.a. CRISPR-Cas9), and RNA interference 

(RNAi). 

In the CRISPR-Cas9 system (schematic in Figure 1.3), the Cas9 enzyme creates a double-

stranded break in the DNA at a designated site defined by a neighbouring protospacer 

adjacent motif (PAM) as well as by a guide RNA sequence complementary to the target 

DNA. The guide RNA binds to the target site through homologous DNA base pairing. This 

double-stranded break will either be repaired by the cell by homologous recombination if a 
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‘repair’ sequence matching both ends is available (e.g. provided by the researcher) or by 

non-homologous end joining (NHEJ). NHEJ typically creates an imperfect repair, thus 

generating the required gene-damaging mutations. By creating a ‘library’ of guide RNAs, it 

becomes possible to create a library of functionally mutated cells – each containing a 

different CRISPR-damaged gene.  

Gene trap (GT) mutagenesis can be designed to occur in multiple different ways, but the 

focus here is on polyadenylation-enhancer trap mutagenesis (schematic in Figure 1.4), as 

described by Tsakiridis et al., (2009). In this case, the transfected cassette randomly inserts 

itself into the genome. If it falls within an intron of a gene, it disrupts that gene 

(heterozygously) while also splicing a neomycin resistance (NeoR) gene to the subsequent 

exons of the ‘trapped’ target gene. That splicing event not only allows productively 

mutated cells to be selected by antibiotic treatment (creating a highly efficient library to 

work with), but also generates fusion messenger RNA (mRNA) transcripts, which can be 

used to identify the trapped gene as required. This method obviously restricts potential 

gene targets to those which contain introns, though only about 15% of human genes are 

without (Sakharkar et al., 2004; Willyard, 2018). 

RNAi is the post-transcriptional inhibition of gene expression through sequence-specific 

recognition of target mRNAs which are then degraded. RNAi is an endogenous cellular 

mechanism to modulate gene expression – see Saliminejad et al., (2019) for review, as well 

as an experimental tool to generate transient (Elbashir et al., 2001) or long-term 

knockdown of genes (McManus et al., 2002; Paddison et al., 2002). Double-stranded short 

interfering RNAs (siRNAs) mediate the sequence-specific targeting of the RNA-induced 

silencing complex to the matching protein coding RNA (Braun et al., 2011; Chekulaeva et 

al., 2011; Fabian et al., 2011). RNAi gene knockdown has a high rate of sequence-specific 

off-target effects (which can be more dominant than the on-target effect) (Franceschini et 

al., 2014; Singh et al., 2015) and variable efficacy (Booker et al., 2011). To compensate for 

sequence-specific off-target effects in high throughput screens, multiple siRNAs (as many as 

25) per target gene must be employed (Kampmann et al., 2015; Morgens et al., 2016) in 

combination with careful experimental design and post screen analysis (Franceschini et al., 

2014; Kampmann et al., 2015). The need for a massively complex synthetic siRNA library 

reduces the cost-effectiveness of the approach compared to the other available techniques, 

therefore, RNAi will not be discussed further. 

Both CRISPR-Cas9 and gene trap mutagenesis screens allow relatively easy (if time-

consuming) subsequent identification of target genes through amplification and sequencing 

of the inserted plasmid (and the surrounding region; gene-trapping) from selected cells of 

interest. Use of the CRISPR/Cas9 system requires construction of a plasmid library and an 

equivalent lentiviral library to transfect the guide RNAs (and the Cas9 enzyme) into the cells 

(Shalem et al., 2014; T. Wang et al., 2014; Zhou et al., 2014), whereas gene trapping 

requires one plasmid, which randomly inserts into introns in the genome. The gene 

trapping mutational event occurs so infrequently that the vast majority of mutated cells 

only contain one mutation on one chromosome (heterozygosity). The Cas9 enzyme in 

theory will continue to cleave the DNA target site until it does not recognise any further 

sequences; in practise, zero, one or two (in diploid cells) copies of a target gene may 

become mutated (T. Wang et al., 2014; Zhou et al., 2014). Complete knockouts (KOs) are 
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often thought of as the ideal experimental model, as they will give the strongest 

phenotype. However, the majority of human diseases with a genetic component are the 

result of a complex interaction between numerous gene variants, with one faulty or 

completely non-functional copy of a given gene. Potentially, this makes a heterozygous 

mutant library more physiologically/pathologically relevant. Additionally, complete KOs of 

essential genes are lethal, completely removing these from the possible pool of mutants to 

be screened. Naturally, no one wants a drug that mimics the effect of a lethal gene KO, but 

interrogation of partial KOs of essential genes may lead to associated genes or gene 

products whose function can be safely modulated for therapeutic purposes. These 

advantages make gene trap mutagenesis a valuable tool for genomic interrogation. 

 

Figure 1.3 CRISPR- Cas9 causes double-stranded breaks in target DNA using a 
complementary guide RNA, which can be repaired by host non-homologous end joining 
(NHEJ), thus generating mutations. The Cas9 enzyme forms a ribonuclease complex with a 

guide RNA sequence that is complementary to the DNA target site adjacent to a protospacer 

adjacent motif (PAM) sequence. The guide RNA directs the endonuclease activity of the 

enzyme, which creates a double-stranded break within the target site. The host repair 

machinery then repairs the break through multiple possible mechanisms, including non-

homologous end joining repair, which can cause insertions, deletions, or a complete repair 

(no mutation). All DNA repair outcomes described can generate functional protein, but any 

loss of functionality or functional knockout requires some alteration in the DNA sequence. 
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Figure 1.4 Polyadenylation-enhancer trap mutagenesis. Trapped genes are identified 
through Rapid amplification of cDNA ends (RACE)-Polymerase chain reaction (PCR) using 
primers complementary to the gene trap vector e.g. (Mouse Pax2 exon) preceding the rest 
of the gene (E). The GTIV3 gene trap (GT) vector randomly inserts into the genome. If the 
insertion is within an intron, two mRNA transcripts are made from the trapped gene; the 
first formed from endogenous exons before the GT vector and part of GT vector itself, which 
encodes a fluorescent marker. The second transcript is initiated from a promoter within the 
GT vector, includes the second part of the GT vector (encoding a neomycin antibiotic 
resistance marker) as well as subsequent exon(s) (E). 

1.9. Other infection-based genetic screens 

Genetic screens can be used to interrogate the host-pathogen interface in a variety of ways; 

including the use of host-like environments in single organism (axenic) bacterial culture, 

infection of mammalian cell culture, exposure of mammalian cell culture to a bacterial 

effector, individual stimulation of PRRs and in vivo infection models. Mammalian genetic 

screens have identified regulators of key host response genes (Covarrubias et al., 2017), 

host genes interacting with bacterial effectors (Radin et al., 2014), host genes affecting 

cellular survival (Jeng et al., 2019), host genes affecting bacterial entry (Yeung et al., 2019), 

as well as host viral susceptibility and resistance genes in vivo (LaFleur et al., 2019). 

Bacterial genetic screens have identified bacterial fitness genes to survive inside 

macrophages (Llewellyn et al., 2011) or inside the host organism (Karlinsey et al., 2019) as 

well as bacterial response genes to acidified nitrite (Kim et al., 2003). 
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1.10. Previous work carried out as part of a Centre for Defence 
Enterprise (CDE) funded project identified a number of 
candidate host resistance genes 

A gene trap library in HEK-293 cells was previously screened with infection parameters 

designed to kill the majority of wild type cells to find genes associated with broad range of 

host responses to intracellular infection. In order to find gene-host response associations 

that were applicable to a broad range of pathogens three different species of bacteria 

(STM, Shigella sonnei, Listeria monocytogenes) and one parasitic apicomplexan 

(Toxoplasma gondii) were chosen from the NIAID Category B Biodefense and Emerging 

pathogens list (NIH: National Institute of Allergy and Infectious Diseases, 2016) for 

screening purposes . A summary of infection and epidemiological characteristics of the 

diseases these organisms cause is presented in Table 1.2. These species were chosen as 

representatives of the wider array of intracellular human pathogens commonly 

encountered, or those with the potential for bioterrorist threat risk. Many genes were 

identified in the library screening; some have no known function, others could be readily 

identified through bioinformatics analysis, or had already been briefly characterised (results 

of screens summarised in Table 1.4). Based on the identities, functions and known 

interactions of these proteins, a potential innate response network was postulated 

(summarised in Figure 1.5), using bioinformatics and literature searches (listed in Table 1.5). 

In addition to the gene trap screens, early validation work was performed in HEK-293 cells 

treated with CRISPR/Cas9 linear plasmids containing single guide RNA (sgRNA) sequences 

specific to some of the identified genes. The resulting mutants were verified by Sanger 

sequencing and phenotyped with STM, Shigella sonnei and L. monocytogenes. All three 

HEK-293 CRISPR mutants (targeting SENP5, ARID4B and PCDH7 genes) tested, showed 

increased susceptibility to bacterial infection at 2-hours post addition of gentamicin (Table 

1.4, #4). 
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Table 1.4 Summary of infection screens and infections in CRISPR mutants done as part of 
the CDE project.  Screens #1, and #2 were performed by Dr Rasha Y. Mahmoud, Screen #3 
was performed by Dr Stuart Woods, Screen #4 was performed by Dr Rasha Y. Mahmoud and 
Dr Wenqin Li. HEK-293GT#1 and #2 refers to two HEK-293 gene trap libraries which contain 
~50,000 and ~250,000 mutational events, respectively. In this table Salmonella, Listeria and 
Shigella refer to Salmonella enterica serotype Typhimurium strain SL1344, L. 
monocytogenes and Shigella sonnei, respectively. TG3, 4 and 8 refer to ‘clones’ isolated 
from a HEK-293 Gene trap library. RACE-PCR refers to Rapid amplification of cDNA ends - 
Polymerase chain reaction. 

Infection 

screens and 

CRISPR work 

Cells used Protocol End-point Result 

#1: Survival 

screen 

HEK-293 Gene 

trap library 

Serially 

infected 

with STM 

3x to select 

for survival 

RACE-PCR and 

DNA 

sequencing 

from surviving 

host cells to 

identify genes 

mutant cells 

containing mutations 

in SENP5, ARID4B, 

PCDH7 or PSMA1 

genes isolated from 

this screen 

#2: 

Fluorescence 

activated 

cell sorting 

(FACS) 

screen 

HEK-293 GT#1 

and HEK-293 

GT#2 

Cells 

infected 

with GFP-

expressing 

STM and 

serially 

sorted 3x 

Sorted into low, 

medium and 

high GFP-

expression 

(proxy for 

Salmonella 

burden) 

mutant cells 

containing mutations 

in the PRKG1 gene 

isolated from this 

screen 

#3: T. gondii 

growth assay 

Isolated cells 

from HEK-293 

Gene trap 

library 

Isolated 

cells 

infected 

with 

luciferase 

expressing 

T. gondii 

Bioluminescent 

total flux as a 

proxy for total 

parasite 

burden. 

TG3 (intergenic 

insert), TG4 

(PCDH7/LINC01170) 

and TG8 

(ARID4B/SENP5) had 

significantly (P < 

0.001) lower parasite 

growth 
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Infection 

screens and 

CRISPR work 

Cells used Protocol End-point Result 

#4: CRISPR 

mutant 

bacterial 

infections 

Cas9/sgRNA 

targeted SENP5 

HEK-293 mutant 

and 

CRISPR/Cas9 

targeted 

ARID4B and 

PCDH7 HEK-293 

mutants 

(GeneCopoeia) 

Cells 

infected 

with STM, 

Listeria or 

Shigella 

 

CFU counts of 

intracellular 

bacteria 4 hours 

post inoculation 

More bacterial 

growth in the SENP5 

mutant cell line for 

each species 
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1.10.1. Gene trap identified genes 

 

Figure 1.5 Postulated host response network based on positive hits from screens #1 and 
#2 and relationships identified in the literature. SENP5, PCDH7 and ARID4B were positive 
hits in gene trap screen #1 and PRKG1 came out of screen #2. Sentrin-specific protease 5 
may be involved in deconjugation of Small Ubiquitin-Like Modifier-2/3 from Cystic fibrosis 
transmembrane conductance regulator (CFTR) (see related text) (Ahner et al., 2013) and 
cGMP-dependent protein kinase 1 beta (PRKG1) is able to phosphorylate CFTR in vitro 
(French et al., 1995). A potential interaction between cGK1 and PP-1A has been identified on 
STRING https://string-db.org/ (Szklarczyk et al., 2017) and protocadherin 7 (protein product 
of PCDH7) inhibits Serine/threonine-protein phosphatase PP1-alpha catalytic subunit 
(protein product of PPP1CA) phosphatase activity of some substrates in vitro (Yoshida et al., 
1999). cGK1 can phosphorylate isolated HDAC1 in vitro (Tsai and Seto, 2002) and AT-rich 
interactive domain-containing protein 4B (ARID4B) interacts with HDAC1 as part of the 
mSIN3A corepressor complex (in mice) as well as the human orthologue in affinity-capture 
studies (Hein et al., 2015; Huttlin et al., 2017; Joshi et al., 2013). HDAC1 and ARDI4B are 
localised to the nucleus. Additionally, CFTR is suggested as receptor for Salmonella enterica 
serotype Typhi strain Ty2 based on in vitro and in vivo infection studies (Pier et al., 1998). 
This graphic includes a “schematic representation of cystic fibrosis transmembrane 
conductance regulator protein” by Lucarelli (2017).  
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Table 1.5 Genes of Interest identified from HEK-293 gene trap library intracellular 
infection screen and now the focus of this PhD.  RNA expression and cellular location data 

(except for CFTR and SENP5) obtained from The Human Protein Atlas (2017). Cellular 

location for CFTR found in (Ameen and Apodaca, 2007; Milewski et al., 2001; Morris et al., 

1994). Protein identities obtained from Uniprot https://www.uniprot.org/ (The Uniprot 

Consortium, 2015). 

Gene of Interest Protein encoded Cellular location 

CFTR Cystic fibrosis 

transmembrane 

conductance regulator 

Apical plasma 

membrane 

ARID4B  AT-rich interactive 

domain-containing protein 

4B 

Nucleoplasm and 

vesicles 

PCDH7 Protocadherin-7 Plasma membrane 

and cell junctions 

PRKG1 cGMP-dependent protein 

kinase 1 

Vesicles and 

cytosol 

PSMA1 Proteasome subunit alpha 

type-1 

Nucleoplasm 

SENP5 Sentrin-specific protease 5 See Section 

1.10.1.6 text 

 

1.10.1.1. CFTR  

Cystic fibrosis transmembrane conductance regulator (CFTR) is described here as it is a 

component of the proposed innate host response network (schematic in Figure 1.5) based 

on links in the literature to the genes identified in gene trap infection screens (Table 1.5). 

CFTR is an Adenosine Triphosphate (ATP)-dependent ion channel that allows the efflux of 

chloride and bicarbonate ions out of the apical side of the cell (Callebaut et al., 2017; Morris 

et al., 1994). Transcripts of CFTR are mainly found in epithelial cells, e.g. enterocytes of the 

colon and Paneth (epithelial) cells in the small intestine (found in The Human Protein Atlas, 

www.proteinatlas.org) (Uhlén et al., 2015). The movement of chloride ions from the 

basolateral to the apical surface of the epithelium creates an osmotic gradient, promoting 

the movement of water in the same direction. Hence, CFTR has important roles in 

processes requiring effective regulation of viscosity; for example, mucociliary clearance in 

the respiratory tract (Tarran et al., 2005; Zhang et al., 2009) and effective production of 

pancreatic juices containing digestive enzymes (Park et al., 2010; Uc et al., 2012). Its 

mutation is the cause of the recessive, life-limiting condition, cystic fibrosis. 

CFTR KO or non-functional ΔF508 CFTR phenotypes dramatically reduce Salmonella enterica 

serotype Typhi entry into primary human epithelial cells or cell lines in vitro as well as 
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reducing its entry in the gastrointestinal submucosa in vivo (Pier et al., 1998). The ΔF508 

mutation is non-functional, and mostly remains in the endoplasmic reticulum before 

proteasomal degradation (Cheng et al., 1990; Du et al., 2005; Jensen et al., 1995; Pankow et 

al., 2019). Furthermore, cystic fibrosis genotypes correlated well with a lack of typhoid in 

typhoid endemic Indonesia (Vosse et al., 2005). This effect may be host-dependent, as CFTR 

associated entry of S. enterica ser. Typhi could not be replicated in a baby hamster kidney 

cell line (Bravo et al., 2011). Two other voltage-gated ion channel genes KCNH5 and KCNH7 

in humans were associated with Vibrio cholerae infection in a cholera endemic area of 

Bangladesh (Karlsson et al., 2013). 

CFTR KO and ΔF508 CFTR mutant cells are under increased oxidative stress due to 

uninterrupted tissue transglutaminase activation compared to cells with wild type CFTR 

(Luciani et al., 2009). CFTR has also been linked to the negative regulation of NF-κB (Vij et 

al., 2009). It would be interesting to see if the oxidative stress found in non-functional CFTR 

mutant cells has an impact on bacterial infection. 

1.10.1.2. ARID4B 

The mouse orthologue of  AT-rich interactive domain-containing protein 4B (ARID4B) was 

identified as a subunit of the mSIN3A corepressor complex, which has histone deacetylase 

(HDAC) activity (Fleischer et al., 2003). ARID4B interacts with HDAC1 as part of the mSIN3A 

corepressor complex (in mice) as well as the human orthologue in affinity-capture studies 

(Hein et al., 2015; Huttlin et al., 2017; Joshi et al., 2013). HDACs are enzymes that 

deacetylate histones, originally thought to allow histone methylation, subsequent 

condensation of the local chromatin and transcriptional repression of genes to occur. Now 

the picture is more nuanced, with HDACs (as part of large complexes like the SIN3A 

corepressor complex) being targeted to transcriptionally active as well as repressed regions 

of DNA (Kelly and Cowley, 2013). Other domains of ARID4B besides the one interacting with 

SIN3A corepressor complex have been characterised, one (R1σ) with basal and active 

SUMOylation dependent transcriptional repression activity and another (R1α) with only 

basal transcriptional repression activity (Binda et al., 2006). 

1.10.1.3. PCDH7 

PCDH7 encodes the protein protocadherin-7, of which there are three splice variants 7a, 7b 

and 7c (S.-Y. Kim et al., 2011). Protocadherin 7 is a member of the cadherin family, which 

mediate cell adhesion. Indeed splice variants 7a and b demonstrate significant adhesion 

activity in transfected cells, particularly in the presence of calcium (Yoshida, 2003). E-

Cadherin on the host cell surface is required for entry of L. monocytogenes into certain cell 

types (Sousa et al., 2007). Interestingly, siRNA knockdown of PCDH7 in BGC-823 and MKN-

45 (cell lines derived from Gastric Carcinomas) cells significantly reduced the expression of 

E-Cadherin (Chen et al., 2017). The presence of global changes in gene expression during 

cell carcinogenesis is well known (Sharma et al., 2010) and it remains to be seen whether 

the connection between PCDH7 and E-Cadherin is relevant in the context of non-cancerous 

cells. Protocadherin-7 may have more direct functions in intracellular infection. It was 

upregulated in a DNA microarray screen using mouse embryonic fibroblast KO for Inhibitor 

of kappa B (IκB) kinase α (IKKα), β (IKKβ) or γ (IKKγ) using TNFα as the stimulus (Li et al., 

2002). Protocadherin 7 associates with Serine/threonine-protein phosphatase PP1-alpha 
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catalytic subunit (PP-1A) (gene name: PPP1CA) in mammalian cells and inhibits PP-1A 

phosphatase activity of some substrates in vitro (Yoshida et al., 1999). 

1.10.1.4. PRKG1 

The cGMP-dependent protein kinase 1 (cGK1) types 1α and 1β, encoded by PRKG1, are 

soluble serine/threonine kinases that only differ in their N-terminal regions (Casteel et al., 

2002; Ørstavik et al., 1997). Roles for cGK1 have been identified in sodium handling in the 

kidneys (Citterio et al., 2013), signalling in smooth muscle (Sawada et al., 2001; Surks et al., 

1999; Wooldridge et al., 2004), inhibition of platelet aggregation (Antl et al., 2007) and 

upregulation of gene expression (Casteel et al., 2002; Gudi et al., 1997; Zhao et al., 2005). 

cGK1β is able to phosphorylate CFTR in vitro (French et al., 1995), though only cGK2 was 

found to phosphorylate CFTR in cells (Vaandrager et al., 1998, 1997). It was found that the 

co-localisation of cGK2 (with CFTR) to the membrane was a factor in the improved activity 

of cGK2 in cells. cGK1 can phosphorylate isolated HDAC1 in vitro (Tsai and Seto, 2002), 

indirectly connecting cGK1 with ARID4B. A potential interaction between cGK1 and PP-1A 

has been identified on Search Tool for Recurring Instances of Neighbouring Genes (STRING), 

https://string-db.org/ (Szklarczyk et al., 2017). 

1.10.1.5. PSMA1 

The proteasome subunit alpha type-1 (PSMA1) is a 20S core proteasome subunit (Fu et al., 

1998). Proteasomal degradation is an integral part of proteostasis; the mechanism of 

generating and maintaining correct protein folding and the associated degradation of 

misfolded proteins (Díaz-Villanueva et al., 2015; Kaushik and Cuervo, 2015). Proteins can be 

sent for proteasomal degradation at many different points during their lifetime; from 

nascent polypeptide production, endoplasmic-reticulum (ER)-associated misfolded 

membrane or secretory proteins, mislocalised cytosolic hydrophobic proteins, to misfolding 

proteins due to cellular stress (Casson et al., 2016; Defenouillère and Fromont-Racine, 

2017; Lindholm et al., 2017; Preston and Brodsky, 2017).  

An infection-associated protein interaction network involving PSMA1 was identified in 

rainbow trout, through transcriptome and proteome sequencing and subsequent 

bioinformatics analysis (Long et al., 2015). This network also included multiple other 

proteasome subunits, strongly indicating that proteasome expression and hence activity is 

modified by the infection response. An older study found that LPS both interacted with and 

increased the activity of the proteasome (specifically subunits PSMA1 and Proteasome 

subunit beta type-4 (PSMB4)) (Qureshi et al., 2003). 

1.10.1.6. SENP5 

SUMOylation, a ubiquitin-like process of protein modification, has roles in meiosis (Nottke 

et al., 2017), mitosis (Mukhopadhyay and Dasso, 2017), regulation of metabolism 

(Kamynina and Stover, 2017), maintenance of genomic stability (Zilio et al., 2017), 

senescence (Princz and Tavernarakis, 2017) and development (Monribot-Villanueva et al., 

2017); as well as in a multitude of other processes. To SUMOylate a protein, the mature 

form of a Small Ubiquitin-like Modifier (SUMO) is activated by an E1 activation enzyme, 

conjugated to a target protein by an E2 conjugation enzyme and in many cases,  

conjugation is stabilised by an E3 ligation enzyme (Pichler et al., 2017). Sentrin-specific 
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protease(s) (SENP)s turn SUMO proteins into their mature forms and deconjugate(s) them 

from their protein partners. SENP5 performs this function for SUMO-2 and -3 (Di Bacco et 

al., 2006; Di Bacco and Gill, 2006; Gong and Yeh, 2006). SENP5 cellular localisation is cell 

state dependent and can be found in the nucleolus (Di Bacco et al., 2006; Yun et al., 2008), 

the nucleus (Gong and Yeh, 2006), cytosol (Cheng et al., 2015) and in mitochondria (Zunino 

et al., 2009). 

CFTR is SUMOylated with SUMO-1 as well as SUMO-2/3, which cannot be distinguished 

immunologically (Ahner et al., 2013). SUMOylation with SUMO-2/3 marks ΔF508 CFTR for 

ubiquitination and subsequent proteolysis. Wild type CFTR also appears to be targeted by 

the same SUMOylation-mediated degradation pathway, as protein levels of CFTR increased 

in response to targeted reductions of ΔF508 CFTR-SUMOylation. A large proportion of wild 

type CFTR protein is degraded before maturation, due to difficulty in folding. Cells co-

transfected with CFTR, Ubc-9 (SUMO E2 conjugating enzyme) and SENP1 resulted in higher 

protein levels of CFTR than in CFTR and Ubc-9 transfected cells (Ahner et al., 2013). SENP1 

can deconjugate SUMO-1, 2 and 3 from modified proteins, therefore SENP1 appears to 

(partially) override the signal for CFTR degradation. Thus, knocking out SENP5 would lead to 

lower CFTR protein levels by the same mechanism. 

Interestingly, SUMOylation is itself associated with infection. Overexpression of host 

SUMO-2 (leading to increased levels of free SUMO-2 and likely increased levels of 

SUMOylation) decreased Shigella flexneri invasion and L. monocytogenes infection in vitro 

(Fritah et al., 2014; Ribet et al., 2012). Additionally, depletion of SUMO E1 activating 

enzyme 2 by RNA silencing caused an increase in S. flexneri invasion, indicating that S. 

flexneri invasion is inversely correlated to protein SUMOylation. Furthermore, both L. 

monocytogenes and S. flexneri reduce global protein SUMOylation in host cells in vitro by 

destabilising a key E3 ligation enzyme (Ribet et al., 2012; Sidik et al., 2015). The correlation 

between infection resistance and protein SUMOylation provides a potential explanation for 

the assumed infection survival advantage seen in the gene trap HEK-293 screen for trapped 

SENP5.  
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1.11. Aims and hypotheses 

The overall objective of the work described in this thesis is to identify those innate 

responses to intracellular pathogens or host processes essential for pathogen survival that 

could potentially be disrupted by future pharmacological means without detriment to the 

host. A treatment that targets an intracellular aspect of the infection lifecycle but is 

dispensable for the host could prevent or reduce pathogen multiplication and potentially 

promote a more effective host response. This would reduce host morbidity/mortality while 

the adaptive immune response develops. Additionally, we hypothesise that such a 

therapeutic strategy would be much less susceptible to rapid bacterial acquisition of 

resistance – in contrast to conventional antibiotics. 

We hypothesise that in vitro genetic screens can identify host genes that are functionally 

central to the success or failure of the bacterial invasion and replication processes – and 

that the protein products of such genes might become the future targets for novel 

therapeutic strategies to combat infection in vivo. 

A further hypothesis is that infection phenotypes observed in the HEK-293 GT survival and 

Fluorescence-activated cell sorting (FACS) screens can be independently corroborated using 

CRISPR KOs of the identified genes in the same genetic background.  

For the purpose of achieving the above objective, HEK-293 cells were chosen as ‘non-

professional immune cells,’ and U937 cells (a human monocyte-like cell line), differentiated 

into macrophages, were chosen to give insight into genes that might be important in 

‘professional immune cells’. Two approaches, both of which made use of gene trap libraries 

were used to identify putative host infection resistance genes: 

(i) Firstly, prior to the commencement of this PhD, a gene trap library made in 

HEK-293 was used. This identified a number of putative genes that affect the 

growth and survival of intracellular bacteria by selecting for cells with disrupted 

genes that conferred host survival advantages or that conferred resistance to 

bacterial growth. Part of the work described in this thesis is a further 

investigation of these genes by construction of CRISPR/Cas9 mutated cells. 

 

(ii) Secondly, a gene trap library was constructed in U937 cells, which were then 

differentiated into macrophages before being selected for host survival during 

intracellular bacterial infection independently with S. enterica serotype 

Typhimurium (STM) SL1344 and F. tularensis subsp. holarctica Live Vaccine 

Strain (LVS). The differential overrepresented gene output from each screen 

was independently assessed for overrepresented gene ontology terms and 

shared protein interactions between screens were identified. One significantly 

overrepresented candidate gene, SLC7A11 from the first U937 screen was 

independently assessed for its association with host infection resistance. The 

experimental work performed in this macrophage model as well as intended 

subsequent validation is summarised in Figure 1.2. 
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As macrophages share many intracellular immune response mechanisms with non-

phagocytic cell types, one would expect several of the genes identified in the initial gene 

trap screens to appear in the gene trap screen with the macrophage-like cell line. In 

addition to those, genes idiosyncratic to macrophage (or phagocyte) specific functions are 

also expected.
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Chapter 2 
Materials and Methods 
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2. MATERIALS AND METHODS 

2.1. Conditions for cell culture maintenance and archiving 

HEK-293 cells (ECACC 85120602) were cultured in DMEM/F-12 with Gibco® GlutaMaxTM (Life 

Technologies, Paisley, UK), 10% fetal calf serum (FCS) (Biosera, Kansas City, MO, USA), and 1% 

penicillin/streptomycin (Gibco, Paisley, UK). Cells were grown at 37°C in a humidified incubator with 

a 5% CO2 atmosphere maintained. 

HEK-293 cells were passaged every 2-3 days, or after 70% confluency was reached, by being washed 

and trypsinised with TrypLETM Express (Gibco). Suspended cells were washed with media containing 

10% FCS to reach a 10-fold greater volume and were centrifuged at 400 g for 5 minutes to obtain a 

cell pellet. The pellet was then resuspended in an appropriate volume of media and added to flasks 

or plates for continued growth and experimental use, respectively. 

For archiving, adherent cells were frozen after reaching 100% confluency and split into 2 cryotubes 

per T25 flask in 500 µL freezing mix (90% FCS, 10% dimethyl sulfoxide (DMSO) (Merck & Co., 

Glasgow, UK)) per tube. Additionally, one half of a T25 flask was processed as above to obtain a cell 

pellet ready for DNA extraction. 

U937 cells (ECACC 85011440) were cultured in Roswell Park Memorial Institute medium (Life 

Technologies, Paisley, UK) with 10% FCS, 1% L-glutamine (Life Technologies) and 1% 

penicillin/streptomycin (U937 media). 

U937 cells were passaged by being centrifuged at 300 g for 5 minutes and resuspended in fresh 

media in a new flask every 2-3 days or when the media turned orange. Cells were counted before 

returning to the flask during this process to ensure cells were kept at an appropriate seeding 

concentration (2-9 x 105 cells/mL). U937 cells were frozen at a concentration of 1.8 x 106 per 

cryotube in 500 µL of freezing mix. 

2.2. Generation of CRISPR cell line and Gene trap library mutants 

CRISPR and Gene trap (GT) library mutants were created by transfecting cells with purified linearised 

CRISPR plasmid construct, or pGTIV3 plasmid vector, respectively, using a Nucleofector™ 2b Device 

(Lonza, Slough, UK).  

2.2.1. Design or ordering of CRISPR constructs in order to knock out candidate 
genes 

The following CRISPR plasmid constructs, purchased directly from GeneCopoeia, Rockville, Maryland, 

USA were used; HCP204954-CG01-1-B (SENP5), HCP267211-CG01-1-B (PRKG1), HCP200948-CG01-1-

B (CFTR), HCP213001-CG01 (ARID4B), HCP212283-CG01 (PCDH7) and HCP262778-CG01-1-B 

(PSMA1). Restriction enzyme SalI (New England Bioscience (NEB), Hitchin, UK) was used to digest the 

GeneCopoeia CRISPR plasmids to create linear DNA suitable for stable transfection. 

To generate U937 CRISPR KO cell lines, bespoke CRISPR constructs were created with sgRNA 

sequences designed in CHOPCHOP (https://chopchop.cbu.uib.no/) (Labun et al., 2019, 2016; 

Montague et al., 2014) and with additional bases added to bind to the plasmid overhangs created by 
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BbsI digestion of the CRISPR plasmid. A control sgRNA (dubbed ‘miscullin’) was designed by changing 

3 bases in the CUL1 sgRNA and checking for alternative alignments with NCBI nucleotide BLAST 

http://www.ncbi.nlm.nih.gov/BLAST/ (McGinnis and Madden, 2004). 

The CRISPR plasmid used in later stages was pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid 

#62988) (Cas9 plasmid), from the laboratory of Feng Zang (Ran et al., 2013). Briefly, the top and 

bottom strand per pair of designed CRISPR sgRNA oligos (Merck & Co., Table 2.4) were mixed and 

boiled to melt the double stranded (ds) DNA, before cooling slowly to allow the intended top and 

bottom strands to anneal. The Cas9 plasmid was cut with BbsI restriction enzyme (Life Technologies) 

and purified with Qiaquick polymerase chain reaction (PCR) purification kit (Qiagen, Manchester, 

UK). The purified plasmid was ligated to ds oligo DNA using T4 DNA ligase (Promega, Southampton, 

UK). The ligated plasmids were transformed into chemically competent Escherichia coli K12 strain 

DH5α bacteria (Thermo Fisher Scientific, Inchinnan, UK); colonies of which were grown overnight in 

liquid culture, 37oC shaking incubator overnight in Luria Bertani (LB) broth, Miller (Merck & Co.). 

Pelleted cultures were taken through standard miniprep protocols (New England Biolabs, Hitchin, 

UK) to extract the plasmid DNA. The extracted plasmids were sequenced (Source Bioscience, 

Nottingham, UK) to confirm correct sgRNA insert presence and sequenced before restriction 

cleavage with PvuI to linearise DNA and subsequent purification (Qiaquick PCR purification kit). 
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Figure 2.1 pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid with sgRNA insert. The plasmid contains an 
origin of replication (ori) to allow its replication within bacteria (e.g. E. coli), a U6 promoter to initiate 
transcription of an sgRNA insert connected to a gRNA scaffold in eukaryotic cells, as well as a human 
cytomegalovirus (CMV) immediate early enhancer and chicken β-actin promoter to initiate 
transcription of Cas9 endonuclease mRNA (derived from Streptococcus pyogenes). The Cas9 protein 
is expressed with a nucleoplasmin nuclear localisation sequence (NLS) and the translation is 
truncated part way through a T2A sequence designed to produce distinct proteins from a single 
transcript. Puromycin N-acetyltransferase (enables resistance to puromycin) is translated from the 
second half of the transcript – this transcript is completed with a bovine growth hormone (bGH) 
polyadenylation (poly(A)) signal. The plasmid also contains an ampicillin resistance (AmpR) promoter 
and gene, for retention of the plasmid in bacteria cultured with ampicillin. An example double 
stranded sgRNA insert sequence (SLC7A11 top and bottom 1 sequences, Table 2.4) is presented to 
demonstrate the overhangs within the context of the BbsI restriction sites (each indicated by an 
arrow and arrow head) in the plasmid. 

 

2.2.2. Transfection 

Cells were left to recover overnight after linear plasmid nucleofection (programme Q-001 and 

solution V for HEK-293, or W-001 and solution C for U937) before undergoing selection in 500 µg/mL 

(HEK-293) or 600 µg/mL (U937) of geneticin (G418) (Roche, Welwyn Garden City, UK) for seven days 

or until parallel wild type control cells were completely dead. Laboratory constructed CRISPR 

plasmids required Puromycin selection, and in U937 cells a concentration of 0.3 μg/mL. 

To derive HEK-293 CRISPR mutant cell lines from CRISPR/Cas9-treated pooled mutant cells, the 

pooled population was diluted to 1,000 cells per well (in 3 mL) in a 6-well plate before serially 

diluting by 6-fold 5 times. Once distinct cell colonies became visible by eye, they were washed with 
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phosphate-buffered saline (PBS, 8 g sodium chloride, 1.16 g disodium hydrogen phosphate, 0.2 g 

potassium chloride, 0.2 g potassium phosphate monobasic, (all Merck & Co.) per litre of Millipore 

distilled water)) and picked with a 200 µL pipette. The picked cells were transferred into prepared 

wells with fresh, warm media. To promote rapid growth, the clumps of cells generated by picking 

cells were washed with PBS and trypsinised with 500 µL of TrypLE Express at 37°C. Washed cells 

were resuspended in 3 mL of media and replated – these separated cells were now able to grow 

faster than when constrained within a colony. CRISPR KO pools and lines targeting SENP5, PRKG1, 

ARID4B, CFTR, SEMA3A in a HEK-293 background were created and isolated by Dr Benjamin Pickard. 

CRISPR KO pools and lines targeting other genes in the same background were created and isolated 

with his help; or in the case of ARID4B Line K, performed by a Masters student, Robyn Maitland. The 

CRISPR KO SLC7A11 Lines #1 and #2 in the U937 background were created by Masters student Jason 

Dick and Dr Benjamin Pickard. Furthermore, Jason Dick maintained these lines. 
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Figure 2.2 Generation and genetic validation of CRISPR cell line knock outs. Genecopoeia-designed plasmid extracted from E. coli DH5α and linearised 
before nucleofection into HEK-293 wild type cells. HEK-293 cells containing the plasmid with Neomycin were selected for, prior to isolation of resistant 
colonies for clonal expansion. The genomic DNA was extracted from isolated cell lines to confirm presence of mutation(s). The CRISPR Cas9 targeted region 
was amplified by PCR from the genomic DNA before ligating into the pGEM-T Easy vector. The plasmid containing the PCR was transfected into chemically 
competent E. coli DH5α and grown on LB agar containing IPTG, X-gal and ampicillin for bacterial colony isolation. Multiple white colonies (containing 
plasmids with inserts) were grown up to extract the plasmids, which were digested to check the insert size on a gel. Plasmids containing inserts (especially 
those with obvious deletions or insertions) were sent for Sanger sequencing in order to identify mutations. 
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2.2.3. Gene trap library construction 

A high-complexity U937 gene trap library was created by pooling 2 separate sub-libraries. Each of 

these was constructed by five parallel nucleofections of linearised gene trap vector, pGTIV3, into 106 

U937 cells, as above with the help of Dr Benjamin Pickard. These parallel sets of cells were pooled 

and grown in geneticin antibiotic-containing media (see above) to select for productive gene 

mutations. Serial dilutions of an aliquot of the pooled transfected cells were created and also placed 

under selection. By observing the lowest concentration of diluted cells which were still able to 

generate surviving cells, we were able to estimate mutation generation at the scale of 1,000s per 

sub-library. 

2.3. Genomic DNA extraction from mutated cells 

Genomic DNA was extracted from cell pellets (see above) using a Genomic DNA extraction kit 

(Bioline, London, UK) with the optional overnight proteinase K pre-lysis step. DNA was eluted from 

the columns in two 25 µL steps with preheated 70°C elution buffer (included in the kit). DNA was 

stored and aliquoted at -20°C until required. 

2.4. Characterisation of CRISPR gene mutations using PCR, cloning and 
sequence analysis 

PCR was performed on a GeneAmp® PCR System 2400 themocycler (Waltham, Massachusetts, USA) 

using MyTaq™ DNA Polymerase (Bioline) and Custom DNA oligos (primers, see Table 2.4) (Merck & 

Co.). The sequence to be amplified surrounded the locus targeted by the sgRNA within each CRISPR 

construct. PCR products were loaded onto a 1% agarose (Severn Biotech Ltd, Kidderminster, UK) gel 

(with Tris-Borate-Ethylenediaminetetraacetic Acid (EDTA) (89 mM Tris (pH 7.6), 89 mM boric acid, 2 

mM EDTA) 1% ethidium bromide (all Merck & Co.)) which was run for 1.25 hours at 70 V to check 

product size and purity. Products were then purified directly, or from an agarose gel, using a PCR and 

gel purification kit (Bioline). Purified PCR products were ligated to pGEM® T Easy vectors with rapid 

ligation buffer and T7 ligase (all Promega) and the resulting plasmids were transformed into 

chemically competent E. coli K12 strain DH5α bacteria (Thermo Fisher Scientific, Inchinnan, UK). The 

transformed bacteria were streaked onto LB Lennox agar (Merck & Co.) plates with 100 µg/mL of 

ampicillin (Merck & Co.) with 50 µg/mL X-gal (Promega) and 20 µg/mL IPTG (Merck & Co.) spread 

over the surface. White (indicating successful insertion) colonies (and one blue colony for use as a 

negative digestion control) were picked, inoculated overnight in LB broth and then plasmid DNA was 

extracted with a miniprep plasmid extraction kit (Bioline), digested with EcoRI (NEB) and the 

digested products were run on a 1% agarose gel (as above). Plasmids containing inserts of the 

correct size (as determined by the digestion) from CRISPR treated cell lines (as well as two plasmids 

containing inserts from wild type cells) were sent off for sequencing (Eurofins, Edinburgh, UK). Six 

plasmids containing inserts from the CRISPR targeted locus were sequenced per fully characterised 

line. 

Parental line sequences were compared with the human reference genome (December 2013, 

GRCh38/hg38 assembly) on the University of California Santa Cruz (UCSC) genome browser website 

http://genome.ucsc.edu (Kent et al., 2002) by entering the sequence into the website’s Blat tool 

(Kent, 2002). Mutant sequences that passed the Eurofins quality check were entered in the Blat 

search to identify CRISPR-induced mutations. Any sequences containing potential deletions or 

insertions in the exon coding sequence (excluding any small nucleotide polymorphisms (SNPs) due to 
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myTaq polymerase inaccuracies or common population polymorphisms) were translated into the 

appropriate protein coding frame using the EMBL-EBI EMBOSS-Transeq tool https://www.ebi.ac.uk/ 

(Li et al., 2015). Those protein sequences were then compared to the HEK-293 wild type protein 

sequence to predict the functional consequences/severity of the introduced changes. 

 

Figure 2.3 Schematic of the PCR programme used to amplify CRISPR target loci. 
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Figure 2.4 Process to identify the genetic mutation and predicted consequences to the amino acid sequence of a CRISPR KO cell line. The DNA sequences 

from the target locus are compared between the parent HEK-293 cell line (top electropherogram), the CRISPR UCSC genome browser. The UCSC genome 

browser also provides visual representation of the mutated region (Yourseq, thick black line) and a reference amino acid sequence (in blue). The reference 

amino acid sequence (wild type protein) is compared to the predicted amino acid sequence (Mut protein) for the mutated gDNA.
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2.4.1. Western blot 

Western blots were used to assess changes in protein expression as a result of CRISPR/Cas9 

mutations as well as after infection. Western blots of ARID4B and SENP5 protein expression in HEK-

293 wild type, CRISPR KO SEMA3A pool and CRISPR KO lines of ARID4B (Section 3.2) and SENP5 

(Section 3.3) respectively were performed by Masters student Robyn Maitland. The western blot of 

SLC7A11 protein expression in U937 wild type, CRISPR ‘Miscullin’ control and CRISPR KO SLC7A11 

lines (Section 5.4.1) was performed jointly by myself and Masters student Jason Dick. 

Adherent cells were washed before lysing with Laemmli Sample Buffer (Sigma), scraping, and fine 

needle trituration to access all protein. U937 cells were washed and lysed in a similar way. Cell 

lysates were denatured by boiling for 2 minutes before use. Denatured total protein and a molecular 

marker (Prestained Molecular Weight Marker, SDS7B2, Merck & Co., Laemmli Sample Buffer, 8 M 

Urea solution) were loaded on Mini-PROTEAN® Precast Mini PAGE Gels (BioRad, Watford, UK) which 

were run for one hour at between 80-90V. The proteins were transferred to a nitrocellulose 

membrane with a Mini Trans-Blot Electrophoretic Transfer Cell (BioRad) before using the Pierce Fast 

Western Blot Kit, ECL Substrate (Life scientific) according to the manual instructions (unless stated) 

to stain with antibodies. The membrane (or parts) were bathed in Fast Western Antibody Diluent 

containing 1,000-fold diluted rabbit anti-human SENP5 polyclonal IgG (ab58420, abcam), rabbit anti-

human ARID4B polyclonal IgG antibody (24499-1-AP, ProteinTech or HPA027333, Merck & Co.), 

SLC7A11 or β-actin (loading control, Invitrogen Beta Actin Ma5 – 15739) antibody for 30 minutes. To 

complete the process, blots were treated with a universal HRP-conjugated secondary antibody, 

washed, treated with a luminescent HRP substrate and exposed to film in the dark. 

For some blots, the membrane was stripped to allow probing with anti-human β-actin antibody as a 

loading control. Membranes were bathed in stripping buffer (15 g glycine, 1 g sodium dodecyl 

sulfate (SDS), 10 mL TWEEN 20 (all Merck & Co.) in 800 mL of distilled water) two times for 5-10 

minutes, washed twice with PBS for 10 minutes and finally washed twice in Tris-buffered saline 

(TBS), 0.1% TWEEN 20 (100 mL of TBS 10x (Thermo Fisher Scientific), 900 mL distilled water, 1 mL 

TWEEN 20) for 5 minutes. Subsequently the membrane was re-probed as above. 

2.5. Final established differentiation protocol for U937 cells 

The cells were seeded at a density of 1.6 x 104 cells/ cm2 and treated with 0.2 µM PMA ab120297 

(Abcam, Cambridge, UK) and 0.8 µM 1,25-Dihydroxyvitamin D3 (VD3) (Insight Biotechnology Limited, 

Wembley, UK) on day 0; before replacing with media without drugs on day 3 for a 3-day resting 

period finishing on day 6. Cells were used in desired experiments on day 6 as in the outline in Figure 

2.5. 
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Figure 2.5 Final differentiation protocol for U937 cells. U937 cells were seeded in plastic flasks and 
treated with PMA and VD3 drug cocktail on day 0. The culture media was replaced with drug-free 
media on day 3 to provide a resting period finishing on day 6, upon which the cells were ready for 
experimentation. 

 

2.6. Flow cytometry to establish composition of differentiated cells 

Differentiated U937 cells were removed by gentle scraping in ice-cold PBS, before washing with FACS 

buffer (PBS, 1% FCS, 25mM HEPES buffer, 5mM Ethylenediaminetetraacetic acid, both Merck & Co.). 

Unstimulated U937 cells were centrifuged at 400 x g for 5 minutes and washed with FACS buffer. 

Samples were normalised to 1 x 106 cells before adding 5 μL PE anti-human CD11b ICRF44 antibody 

(Biolegend, London, UK). Unstained and isotype controls were prepared from unstimulated U937 or 

a combination of unstimulated and drug cocktail stimulated cells with eBioscienceTM mouse IgG1 

kappa isotype control (Life technologies), respectively. The gating strategy was as described in Figure 

2.6. 

 

Figure 2.6 Gating strategy for cytometric analysis of differentiated and unstimulated U937 cells. 1 
x 106 cells/ sample were stained with CD11b (PE) or its isotype control. Live cells were gated on based 
on size (forward scatter, FSC) and granularity (side scatter, SSC, left plot). The number of cells in the 
live cells population was plotted against PE for the CD11b isotype control to set the CD11b positive 
gate (right plot). 
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2.7. Bacterial culture conditions 

Salmonella enterica serotype Typhimurium (henceforth, referred to as STM for brevity) strain SL1344 

and Shigella sonnei strain 86 were each streaked on LB agar (with 0.01% Congo red in the case of S. 

sonnei) (Payne and Finkelstein, 1977) from glycerol stocks or streak plates and grown at 37°C 

overnight. Aliquots of LB were inoculated with a single colony each and grown overnight on a 37°C 

shaker at 180-250 rpm. Glycerol stocks of each bacterium were prepared with 25% glycerol (Merck 

& Co.) in LB and aliquoted into screw cap cryotubes (Starlabs, Milton Keynes, UK). 

F. tularensis subsp. holarctica Live Vaccine Strain (LVS) lawns were prepared by spreading 100 µL of 

glycerol stock onto Blood glucose cysteine agar (BGCA) plates before incubating overnight at 37°C in 

a sealed box (work conducted within appropriate facilities at DSTL, Porton Down, England). Such 

work was performed with Helen Flick Smith of DSTL, Porton Down. 

 

Table 2.1. Bacterial strains and plasmids used.  Green fluorescent protein is (GFP). 

Strain / plasmid Genotype or description Source or reference 

Francisella tularensis subsp. 
holarctica  

Live Vaccine Strain (LVS) DSTL, Porton Down 

Salmonella enterica serotype 
Typhimurium 

SL1344 (ΔhisG) Sanger (BA337) 

Shigella sonnei Strain number 86 Gift from the Dr Jun Yu lab 

Escherichia coli K12 DH5α strain GFP Addgene 

Escherichia coli K12 DH5α strain pGEM-T Easy 
mCherry (Ampicillin 
resistance) 

Addgene 

pGTIV3 plasmid vector  (Tsakiridis et al., 2009) 

 

2.8. Bacterial infection assay 

S. sonnei were streaked on Congo Red LB agar plates to identify virulent (Congo red positive) colonies 

(Payne and Finkelstein, 1977). Antibiotic-free HEK-293 cells were seeded at 4.5 x 105/ well in poly-L-

lysine pre-treated wells in 24-well plates. 100% confluent HEK-293 monolayers (parental or CRISPR 

mutant lines) inoculated the following day with a fresh 2-hour subculture of Congo red positive S. 

sonnei at a multiplicity of infection (MOI) of 10 (calculated using the equation in Figure 2.7); or 2 days 

later with a fresh 2-hour subculture of STM at a MOI of 70 (calculated using the equation in Figure 2.8) 

(summary in Figure 2.9). Infected cultures were incubated for 1 hour at 37°C, 5% CO2 (inclusive of 

centrifugation at 896 x g for 10 minutes at room temperature, S. sonnei) to allow bacterial invasion. 

Inoculated medium was replaced with media containing 30 µg/mL gentamicin and cells were 

incubated for a further hour before treating with media containing 10 µg/mL gentamicin; or washing 

with PBS and lysing with 1 mL of distilled water for 5 minutes (0-hour time point). 100 µL (or of 

appropriate dilutions) of cell lysates were spread on agar plates to detect and quantify overnight 

bacterial growth. Remaining wells were washed and lysed, as above, at the 2-hour and 24-hour time 

points. 
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1.1026 × (𝑂𝐷600) + 0.250 =
𝐶𝐹𝑈𝑥108

𝑚𝐿
 

Figure 2.7 Equation to calculate MOI of Shigella sp. 2-hour subcultures. An equation created by Dr 
Rasha Mahmoud to calculate the colony forming units (CFU) of Shigella sp. LB cultures after sub-
culturing an overnight culture for 2 hours. OD stands for optical density (measured using a 
spectrophotometer, with sterile LB as a blank). CFU stands for colony forming units. 

 

10.98 × (𝑂𝐷600) − 1.228 =
𝐶𝐹𝑈 × 108

𝑚𝐿
 

Figure 2.8 Equation to calculate MOI of Salmonella sp. 2-hour subcultures. An equation created to 
calculate the CFU of Salmonella sp. LB cultures after sub-culturing an overnight culture for 2 hours. OD 
stands for optical density (measured using a spectrophotometer, with sterile LB as a blank). CFU stands 
for colony forming units. 
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Figure 2.9 Bacterial infection assay.  1. HEK-293 (293) wild type (WT) and CRISPR KO mutant cell 
lines were infected with STM (as shown here) or S. sonnei before incubating for 1 hour at 37°C 5% 
CO2. 2. Infected cells were treated with 30 µg/mL gentamicin to kill extracellular bacteria and 
incubated for a further hour at 37°C 5% CO2. Intracellular bacteria were harvested from infected cells 
at the 0-hour time point (0hr TP) by 4. washing the cells with PBS and prompting cell lysis with 
distilled water (dH2O). 5. Host cell lysates were serially diluted in PBS, of which two lots of 100 µL 
were dispensed in straight lines onto LB agar for overnight (O/N) bacterial growth at 37°C. The 
bacterial colonies were then counted. 6. Prior to processing the 0-hour time point, 10 µg/mL 
gentamicin was added to cells retained for later time points before returning to 37°C until required. 
7. The remaining infected cells were taken through steps (4) and (5) 2 hours (2hr TP) post gentamicin 
addition as well as 24 hours (24hr TP) post addition. 

2.9. Lactate dehydrogenase (LDH) activity assay to determine the 
extent of cell death after infection 

Cells were cultured in the previously stated culture media before inoculating with bacteria in DMEM 

high glucose, without phenol red (Life Technologies), 5% FCS and 1% L-glutamine without antibiotics 

(LDH media). Inoculation, 30 µg/mL gentamicin steps (for U937 cells) as well as the 10 µg/mL 

gentamicin step (for HEK-293 cells) were performed as described in Section 2.8, after which cells 

were incubated until required. The LDH assay was performed on 50 μL supernatant immediately 

after sampling according to manufacturer’s instructions including maximum LDH controls with the 

absorbance measured at 490 nm. Maximum LDH controls were used as technical positive controls to 
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determine the maximum LDH produced from the cells present (performed by treating with the cell 

lysis agent provided in the kit). As Salmonella is predicted to have LDH activity based on homology 

(identified on Uniprot https://www.uniprot.org/) (McClelland et al., 2001; The Uniprot Consortium, 

2019), 3 - 4 replicate maximum LDH controls were prepared for each MOI and time point tested. 

Some of the LDH activity assay experiments presented in Section 4.4 were performed with the help 

of Dr Ruth Holloway. 

2.10. Immunofluorescence 

For immunofluorescence, HEK-293 cells and undifferentiated U937 cells were seeded on poly-L-

lysine treated coverslips in 6- or 24-well plates, and U937 cells were differentiated according to the 

protocol. Cells were washed with PBS before fixing with ice-cold paraformaldehyde (PFA) diluted in 

CSK buffer (5 M NaCl, 1 M sucrose, 0.5 M 1,4-Piperazinediethanesulfonic acid (PIPES) solution, pH 

6.8) for 10-15 minutes. Cells were washed again with PBS before adding methanol as a second 

fixation step - incubating at -20°C for 20 minutes. Cells were washed again before blocking with 

antibody diluent (PBS/ 0.1% TWEEN 20/4% horse serum) for 30 minutes at room temperature. Cells 

were incubated with a primary antibody diluted in antibody diluent for 2 hours before being washed 

3 times with PBS. Cells were then incubated with appropriate secondary antibodies diluted in 

antibody diluent for 1 hour in the dark before washing a further 3 times in PBS. Coverslips were 

added to microscope slides prepared with a drop of a ProLong Diamond Antifade Mountant with 

4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher). Excess mountant was gently removed with 

pressure before securing the coverslip with superglue. Immunofluorescence experiments and 

images in Section 3.2 were prepared by Dr Benjamin Pickard or Masters student Robyn Maitland 

(both of who were coached through the bacterial infection assay in 2.8 by myself). 

Table 2.2 Antibody combinations used for immunofluorescence. All secondary antibodies were the 
Invitrogen brand from Thermo Fisher. 

Primary antibody Fluorescent secondary antibody 

Mouse anti-human α-tubulin monoclonal IgG 

antibody (Oncogene, CP06-100 UG) 

Alexa Fluor 594 goat anti-mouse IgG or 

Alexa Fluor 488 goat anti-mouse IgG 

depending on experiment (both 

Invitrogen, Thermo Fisher) 

Rabbit anti-human ARID4B polyclonal IgG 

antibody (24499-1-AP, ProteinTech) 

Alexa Fluor 488 donkey anti-rabbit IgG 

(Invitrogen, Thermo Fisher) 

 

2.11. Screening protocol for differentiated U937 GT library 

2.11.1. STM U937 screen 

The U937 GT library mix was seeded to obtain 1 x 107 cells per sample condition and differentiated 

according to the protocol above (and fed with antibiotic free RPMI on day 3 post-PBS wash). 

Differentiated cells were then inoculated with a high MOI of 2,400 (calculated using the equation in 

Figure 2.8 and subsequent experiments) of STM from a 2.5-hr subculture or mock-infected 

(antibiotic-free RPMI only) on day 6. Infected cells were incubated for 1 hour at 37°C, 5% CO2 to 
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allow bacterial invasion before replacing inoculum (or mock inoculum) with RPMI containing 30 

µg/mL gentamicin. Cells were kept in the incubator until the RNA was extracted on day 8. 

On day 8, the RNA was extracted with an RNeasy mini kit (Qiagen). Briefly, the media was removed, 

the cells washed with warm PBS before adding RLT buffer (Qiagen) and scraping with a cell scraper. 

The RLT buffer-cell suspension was centrifuged in 2 Qiashredder tubes per sample, the flow through 

collected and mixed with 1 volume of 70% ethanol prior to centrifuging in 2 RNeasy spin columns 

per sample 700 µL at a time according to the manual. The instructions were adhered to during 

subsequent steps unless stated. On-column DNase digestion was performed with the RNase free 

DNase kit according to the manual (all Qiagen). RNA was eluted in 3x 40 µL Invitrogen™ UltraPure™ 

DNase/RNase-Free Distilled Water (Life Technologies). All RNA was stored at -80°C in aliquots to 

avoid freeze-thawing until required. The RNA quality and concentration were assessed on a 2100 

Bioanalzyer with a RNA 6000 Nano kit and ladder (all Agilent, Edinburgh, UK). The experiment was 

repeated with freshly defrosted U937 GT library cells 6 times, each time using STM infection as the 

selection pressure. For 4 of the experiments, the RNA extraction was performed jointly by Dr 

Benjamin Pickard and I. 

2.11.2. F. tularensis U937 screen 

A second differentiated U937 GT library screen was performed with F. tularensis LVS as the selection 

agent at Porton Down, Defence Science and Technology Laboratory in collaboration with Helen Flick 

Smith. The experiment was repeated with the U937 GT library cells 3 times at passage 4 (Experiment 

B, C and D) and an additional time at passage 11 (Experiment A). The U937 GT library mix was 

differentiated as above in Section 2.11.1 (with 1 x 107 cells per sample condition) – bar the change to 

antibiotic, differentiation drug-free media and PBS wash which happened 1 day later (on Day 4). On 

Day 6, F. tularensis LVS from BGCA lawns were resuspended in antibiotic free RPMI to generate a 

measurement of optical density (OD) at 600 nm (OD600) of 1.677; 20 mL of which was diluted in a 

further 80 mL of antibiotic free RPMI to create the inoculum. The differentiated U937 GT cells were 

inoculated with 80 mL of the inoculum in antibiotic free RPMI. The MOI was calculated from colony 

forming unit (CFU) counts from the diluted inoculum one day later (data available in Table 4.2). After 

inoculation, the infection procedure followed that in Section 2.11.1. On day 8 the RNA was extracted 

as above in Section 2.11.1 bar the use of 4 Qiashredders per sample, 8 RNeasy mini spin columns per 

sample and eluted in 3x 40 µL of Invitrogen™ UltraPure™ DNase/RNase-Free Distilled Water. All RNA 

was stored at -80°C in aliquots to avoid freeze-thawing until required. The RNA quality and 

concentration were assessed on a 4200 Tapestation with RNA ScreenTape (all Agilent, Edinburgh, 

UK). The molecular processing described in Section 2.11.1 was performed at the University of 

Strathclyde, but prior to sample postage from DSTL, a sterility check was performed on all samples. 

BGCA plates were seeded with 10% of each RNA sample (4 µL), one plate was used per sample and 

incubated at 37°C. A positive F. tularensis BGCA plate and negative blank plate were included as 

bacterial growth controls. After 7 days plates were assessed for nil growth and results confirmed and 

witnessed by a second individual. 

2.12. Molecular processing of RNA from gene trap library samples 

cDNA was transcribed from a single (two, LVS screen) aliquot(s) of RNA using superscript IV (Life 

technologies, Paisley, UK) with the cDNA synthesis primer (Table 2.4, Merck & Co.) according to 

manufacturer’s instructions, including the optional RNA degradation step afterwards with the RNase 
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H provided. The volume of RNA added to each reaction was normalised to achieve the same 

concentration in each sample. 

cDNA products were initially amplified by PCR (Rapid amplification of cDNA ends (RACE)1) with 

Invitrogen™ Platinum™ SuperFi™ DNA Polymerase (Life technologies) with the programme in Figure 

2.10, UPL (0.19 μM), UPS (0.96 μM) and SD5-P3 (0.38 μM) primers (Table 2.4, Merck & Co.) with and 

without the SuperFi™ GC enhancer provided. RACE1 products (diluted by 500-fold) were amplified 

by PCR (RACE2) with the same reagents (including or excluding SuperFi™ GC enhancer) but nested 

primers (Nest1 and 3’RACE1, 0.5 μM each, Table 2.4, Merck & Co.). RACE2 GC enhanced and 

unenhanced products were combined in a 1:1.4 ratio prior to purification with the Qiaquick PCR 

purification kit (Qiagen). The concentration of the purified RACE2 products were measured on a 

Nanodrop (Life Technologies) before sending 20 μL (at the concentrations stated in Table 5.4) off to 

Glasgow Polyomics for DNA library preparation and next generation sequencing. The DNA fragment 

libraries were prepared with the NEB FS Ultra II DNA kit (size distributions of DNA fragment libraries 

in Table 2.3). The DNA fragment libraries were sequenced on a NextSeq500 (Illumina, Cambridge, 

UK) generating paired end sequences with a total read depth of 30,000,000 base pairs (bp) and an 

average read length of 75 bp. 

 

Figure 2.10 PCR programme used for RACE1 and RACE2.  
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Table 2.3 Size distribution of DNA fragment libraries created from each experimental sample. The 

PCR GT screen product mixture for each sample was sent to Glasgow Polyomics who fragmented the 

DNA enzymatically with the NEB FS Ultra II DNA kit to prepare a DNA library for each sample. The 

average fragment size for each sample is listed as well as the potential size range (based on an 

estimated +/- 100-150 bp from the average). P7 primer, barcode and adaptor 64 bp and universal 

primer is 58 bp.  

 Sample name 

Average Fragment 
size 

D-control 331 

E-control 337 

F-control 329 

G-control 339 

H-control 335 

I-control 336 

D-Experiment 330 

E-Experiment 320 

F-Experiment 326 

G-Experiment 333 

H-Experiment 314 

I-Experiment 331 

Original 1 330 

Original 2 328 

 

2.13. Bioinformatics analysis of ‘RNA-seq’ data from gene trap screens 

Glasgow Polyomics provided a MultiQC file containing summary data and figures from FastQC and 

FastQ screen reports of the whole dataset to indicate the raw data quality. The raw sequencing files 

were analysed on Galaxy Main at usegalaxy.org (Afgan et al., 2018); a summary diagram is presented 

in Figure 2.11 indicating those steps which could be automated in Galaxy. Some heuristic 

optimisation of quality processing was performed prior to processing samples in bulk, the details of 

this are described in Chapter 5 and Appendix C. In brief, reads were trimmed with the sliding 

window feature to an average Phred of 20 and filtered for a minimum length of 20 bp in 

Trimmomatic  version 0.36.6 (Bolger et al., 2014). FastQC version 0.11.8 was used to assess the 

quality of raw and trimmed sequences in order to make decisions about the processing steps. The 

paired trimmed and filtered reads were aligned to the Human genome (b38, hg38) with HISAT2 

version 2.1.0+galaxy4 (Kim et al., 2015), as a paired end dataset collection. Additionally, transcript 

assembly reporting was tailored for StringTie. The Bam output files were used to assemble and 

count transcripts, from which gene counts could be generated with StringTie version 1.3.4d (Pertea 

et al., 2015). A cDNA Human reference library, assembly GRCh38.p13 from Ensembl release 98 (Hunt 

et al., 2018) was used to guide transcript assembly; only transcripts which matched this were used 

(i.e. novel transcripts were discarded). Also, output files generated by StringTie were tailored for 

limma. The resulting gene count files were combined with Column Join version 0.0.3, Ensembl 

version numbers removed and genes annotated with entrez IDs, symbols and gene names with 

AnnotateMyIDs version 3.5.0.1. The resulting file was uploaded to Degust version 4.1.1 

(http://degust.erc.monash.edu/) (David Powell, 2015) in a comma-separated values format to 
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perform differential gene analysis using Limma-voom version 3.40.6 (Law et al., 2014; Liu et al., 

2015; Ritchie et al., 2015). The de novo transcriptome based bioinformatics analysis described in 

Section 5.2.5 was performed by Honours student Yiwen Ding under my co-supervision and training, 

due to the extended time required to optimise the process to fit it to our purposes. 
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Figure 2.11 Overview of bioinformatics pipeline in Galaxy. Galaxy workflow (automated pipeline of tools where the output of one is fed into another) for 
LVS U937 GT screen used as an example. Following this workflow, the gene counts from each sample were combined with ColumnJoin, the Ensembl ID 
version numbers removed and AnnotateMyID was used to add additional information. Experiment A which used U937 GT library at passage 11 was 
processed separately (Passage) from the other Infected (Inf) and Control (Ctrl) samples. Collections represented here are lists of raw (untouched) dataset 
pairs (forward and reverse reads). The Galaxy workflow for the STM U937 GT screen was the same except with different labels. 
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2.14. Independent validation of a gene hit (SLC7A11) from the STM 
U937 infection screen, through use of a CRISPR KO pool and 
pharmacological modulation of the protein 

SLC7A11 CRISPR KO pooled and wild type U937 cells were treated with the cocktail drug 

differentiation procedure (by Masters student Jason Dick under my guidance) described in Section 

2.5 following the same timeline. On day 6, differentiated cells were inoculated with 4.09 x 107 green 

fluorescent protein (GFP)-expressing STM /well in 6-well or 24-well plates. Sulfasalazine (5 or 10 

ng/mL), where used, was added together with the typical 30 µg/mL gentamicin one hour later. Cells 

were washed with PBS, fixed with ice-cold PFA for 15 minutes at 24 hours-post inoculation before 

washing twice more with PBS and leaving in fresh PBS at 4oC until staining. Cells were stained with 

various antibody combinations as detailed in Table 2.2. The infection experiment was performed 

jointly by Master student Jason Dick and I. Jason performed the subsequent staining, whereas the 

images were acquired by both Jason and I. 

2.14.1. Counting intracellular bacteria 

Slides were ‘blinded’ to the observer (Dr Benjamin Pickard) with regard to treatment/genotype using 
tape to cover slide annotation. A 'scan' was performed at x40 oil-immersion objective magnification 
(x400 in total), moving from the far left of the microscope coverslip to the far right, selecting those 
cells with a clear and obvious flattened differentiation state in terms of size and structure. GFP-
expressing bacteria or bacterial fragments were counted in these cells by scanning through all focal 
planes of the cells. Cells which were covered by others were excluded from the analysis. 
 

Table 2.4 Primers and CRISPR oligo sequences 

Name Sequence 

Primers for CRISPR 

validation 

 

SENP5 Forward TGATGCTAAAGTTAAGCCCTTGA 

SENP5 Reverse CCAAAAGACAACTGAGAAGCCA 

PRKG1 F1 GACTTCTCATCCTCCCCTCG 

PRKG1 R1 GTAAACTTTCCGCGGTCCTC 

PCDH7 F3 GATCGGGTGAGGTGACTTTC 

PCDH7 R3 CACCTGCAGCTCGAACAC 

Gene trap processing  

cDNA synthesis 

primer 
AAGCAGTGGTAACAACGCAGAGTACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN 

UPL CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT 

UPS CTAATACGACTCACTATAGGGC 
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Nest1 AAGCAGTGGTAACAACGCAGAGT 

SD5-P3 (3'RACE7, 

3pMS1-1) 
CGCATCGCCTTCTATCGCCTTCTTGACG 

3'RACE1  (3pMS1-2) CAAGCGACGCCCAACCTGCCATCACGAG 

CRISPR oligos for 

single guide RNA 

(sgRNA) 

 

C5orf60 top 

sequence 1 
CACCTGTAGAGGCGTAAGATAATC 

C5orf60 bottom 

sequence 1 
AAACGATTATCTTACGCCTCTACA 

C5orf60 top 

sequence 2 
CACCACAGGAAAGTGTAGATCTCA 

C5orf60 bottom 

sequence 2 
AAACTGAGATCTACACTTTCCTGT 

Cul1 top sequence 1 CACCGTATCGAGCCAGCAACTCAG 

Cul1 bottom 

sequence 1 
AAACCTGAGTTGCTGGCTCGATAC 

Cul1 top sequence 2 CACCTCCGGGTTGACGACATTGTG 

Cul1 bottom 

sequence 2 
AAACCACAATGTCGTCAACCCGGA 

SLC7A11 top 

sequence 1 
CACCATTCGGACCCATTTAGTACA 

SLC7A11 top 

sequence 1 
AAACTGTACTAAATGGGTCCGAAT 

SLC7A11 top 

sequence 2 
CACCAAGTATTACGCGGTTGCCAC 

SLC7A11 bottom 

sequence 2 
AAACGTGGCAACCGCGTAATACTT 

LGALS12 top 

sequence 1 
CACCTGGAAGGCGATATCTGGCCG 

LGALS12 bottom 

sequence 1 
AAACCGGCCAGATATCGCCTTCCA 

LGALS12 top 

sequence 2 
CACCCTGTCTCATGTGGACACGCT 
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LGALS12 bottom 

sequence 2 
AAACAGCGTGTCCACATGAGACAG 

SQLE top sequence 1 CACCATCCGAGAAGAGGGCGAACT 

SQLE bottom 

sequence 1 
AAACAGTTCGCCCTCTTCTCGGAT 

SQLE top sequence 2 CACCCGCTGTCGCCACCGAAACGG 

SQLE bottom 

sequence 2 
AAACCCGTTTCGGTGGCGACAGCG 

PRKG1 top sequence 

1 
CACCTGTGGATTGTATGTACCCGG 

PRKG1 bottom 

sequence 1 
AAACCCGGGTACATACAATCCACA 

PRKG1 top sequence 

2 
CACCGTACCCGGTGGAGTATGGCA 

PRKG1 bottom 

sequence 2 
AAACTGCCATACTCCACCGGGTAC 

MANSC1 top 

sequence 1 
CACCAGGGAGCTTGACTTACACTT 

MANSC1 bottom 

sequence 1 
AAACAAGTGTAAGTCAAGCTCCCT 

MANSC1 top 

sequence 2 
CACCATGAGTTACAGGATAATTAC 

MANSC1 bottom 

sequence 2 
AAACGTAATTATCCTGTAACTCAT 

NCKAP1L top 

sequence 1 
CACCCTGTTTCGGACATCTATGTT 

NCKAP1L bottom 

sequence 1 
AAACAACATAGATGTCCGAAACAG 

NCKAP1L top 

sequence 2 
CACCGCTGTTTCGGACATCTATGT 

NCKAP1L bottom 

sequence 2 
AAACACATAGATGTCCGAAACAGC 

Control CUL1 top 

sequence 1 
CACCGTATAGAGCAAGCAACTCAT 

Control CUL1 top 

sequence 
AAACATGAGTTGCTTGCTCTATAC 

 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

Page | 63  
 

2.15. Statistical analysis 

All stats were performed with Graphpad Prism 6.01, unless stated otherwise. In all cases where 

relevant, * is p ≤ 0.05, ** is p ≤ 0.01, *** is p≤ 0.001 and **** is p ≤ 0.0001. Normality was assessed 

visually only due to the small sample sizes (Ghasemi and Zahediasl, 2012). 

In Chapter 3, the correlation between CFU and OD was assessed by calculating a linear regression 

and goodness of fit. The LDH assay and bacterial burden assay outputs were analysed using two-way 

Analysis of variance (ANOVA) to determine if there was a statistically significant difference present. 

Multiple comparisons were made to wild type at the same time point with Dunnett’s multiple 

comparisons test. 

In Chapter 4, the flow cytometry data presented was analysed by one-way ANOVA and multiple 

comparisons were made with Tukey’s multiple comparisons test between each treatment. The 

infection optimisation experiments were statistically analysed individually using two-way ANOVA on 

the intra-experimental replicates, after which post hoc comparisons were made between every 

condition using the Tukey test (using Graph Pad version 6.01). P values are only reported for 

comparisons between the same MOI across different time points and to MOI 0 at the same time 

point. The Cytotox96 reagent breakdown data was analysed using two-way ANOVA and multiple 

comparisons were made to the first use of the new assay buffer for LDH max and blank respectively, 

using Dunnett’s multiple comparison test. 

In Chapter 5, the intracellular bacterial burden in the infection phenotyping assay was processed in 

two ways – firstly it was presented on a logarithmic scale which was then statistically analysed with 

one-way ANOVA. No statistical difference was found, so post-hoc tests were not performed. 

Secondly, the count data was grouped into bins and is presented as a stacked bar chart. 

In Appendix C, the output from the investigation of HISAT2 and StringTie were visually inspected, but 

no statistical analyses were made. 
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Chapter 3 
Creating and characterising cell line 
mutants to confirm host candidate 
gene roles in the infection process 
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3. CREATING AND CHARACTERISING CELL LINE 
MUTANTS TO CONFIRM HOST CANDIDATE 
GENE ROLES IN THE INFECTION PROCESS 

In Chapter 1, a previous HEK-293 GT library screen using Salmonella enterica serotype 

Typhimurium SL1344 (STM) was described (a protocol is presented in Figure 3.11A). This 

identified infection-resistant cells and then isolated the mutated genes responsible for this 

phenotype (J Yu, personal communication, 3 October 2016). The mutated genes 

represented in the surviving population of STM-infected HEK-293 GT library cells included 

SUMO specific peptidase 5 (SENP5), AT-rich interaction domain 4B (ARID4B), protocadherin 

7 (PCDH7) and proteasome 20S subunit alpha 1 (PSMA1). An additional selection procedure 

was carried out, using fluorescence-activated cell sorting (FACS) of high- or low-fluorescent 

HEK-293 cells after infection with GFP-expressing STM. This screen identified an additional 

mutated gene, protein kinase cGMP-dependent 1 (PRKG1). Together, these genes were 

positioned within a potential protein-protein interaction network and we hypothesised that 

this may represent a functional host defence network (details in Chapter 1). Large-scale 

genetic discovery screens are intentionally analysed in a more statistically liberal manner to 

reduce the quantity of missed hits (Type II errors). This more statistically liberal approach, 

as well as the great quantity of statistical tests performed, will naturally allow more false 

positives (Type I errors). Additionally, the imprecise nature of the gene trapping (or, rather, 

sequenced-based interpretation of specific insertional mutations) means that establishing a 

causal link between the identified gene and the phenotype (host survival under infection 

conditions) can be a complex task. The combination of these factors necessitates a second, 

independent set of experiments to confirm the candidate genes using targeted disruptions; 

thus, the decision was made to create KO cell lines using the CRISPR-Cas9 system. Creation 

and genetic or protein-based characterisation of CRISPR KO cell lines for four of these genes 

(SENP5, PRKG1, PCDH7 and ARID4B) is described here as an independent means to validate 

the role of these genes in host cell protection against infection.  

 

3.1.  Genetic validation of isolated CRISPR KO cell lines 

CRISPR KO lines in the HEK-293 background were created as described in Materials and 

Methods with GeneCopoeia-designed plasmids (which could be transfected by 

nucleofection and remained consistent with previous work). Suitable CRISPR target sites 

were chosen by the company and made available on request after purchase. CRISPR 

induced mutation remedied by NHEJ (generating a frame-shift mutation) was most desired 

as it has the most profound effect on the protein expression and function. Amino acid 

deletions and insertions were also accepted. Briefly, the CRISPR-Cas9 linearised plasmid 

(which also contained the relevant sgRNA) was transfected into HEK-293 wild type cells, 

which were cultured under antibiotic selection as a pool, as well as serially diluted for 

colony isolation. Once a resistant colony became visible by eye, it was transferred by 
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pipette to a fresh well. Once a given cell line had proliferated sufficiently, gDNA was 

extracted and the cell line frozen for future use. 

3.1.1. Confirming CRISPR mutations in SENP5 KO cell lines 

To narrow down potential mutant cell lines of interest from the isolated cell lines, Sanger 

sequencing was employed to characterise the targeted locus. pGEM-T Easy plasmids 

containing PCR-amplified regions surrounding the relevant CRISPR target site were 

prepared as described in the Chapter 2. Briefly, the genomic DNA locus surrounding the 

CRISPR target site (20 bp) of each targeted gene was amplified by PCR using myTaqTM (a Taq 

polymerase) before ligating the PCR product to the thymine 3’ overhangs of the pGEM-T 

Easy vector. A Taq polymerase was used (despite its error prone activity) to maintain the 

complementary adenine overhangs on the 3’ ends of the products. Each ligated mixture 

was transformed into E. coli DH5α. Once extracted from single colony-inoculated DH5α 

liquid cultures, plasmids were digested with EcoRI (one of many restriction enzymes that 

can cut an insert from the pGEM-T Easy vector leaving it with an extra 20 bp compared to 

the original insert). Most CRISPR-derived insertion/deletion mutations would not be 

extensive enough to be distinguishable by eye as changes in band migration on an agarose 

gel; therefore, it was a surprise to find that one of the CRISPR mutant SENP5 pGEM-T Easy 

EcoRI-digested plasmids was visibly different in size compared to the wild type PCR product 

(Figure 3.1). The visible difference in size indicated that imperfect NHEJ repair after CRISPR 

DNA damage had produced a relatively large deletion in the DNA sequence. Indeed, upon 

sequence comparison of the mutated sequences with the human reference genome, the 

plasmid inserts were found to have 3 deletions and 2 insertions (Figure 3.2) of varying sizes 

(details in Table 3.1), all located within the CRISPR target site of 20 bp. The presence of 

more than two versions of this locus was unexpected, as Homo sapiens is diploid. 

Nevertheless, this emphasised the importance of sequencing multiple plasmid inserts per 

cell line to be used. 
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Figure 3.1 PCR products of some mutated SENP5 lines are visibly different in size 
compared to wild type PCR product. EcoRI-digested pGEM-T Easy plasmids with SENP5 wild 
type (WT) and CRISPR mutant Line 3 PCR product inserts run on a 1% agarose gel. The EcoRI 
digested pGEM-T Easy vector is 2998 bp, the WT PCR product is 376 bp and the EcoRI 
digested inserts should be 396 bp. The band labelled with a * shows deviation from the 
expected size and may represent a significant insertion mutation. Experiment performed 
once. 
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DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

Page | 69  
 

Figure 3.2 HEK-293 CRISPR SENP5 Line 3 contains multiple deletions and insertions at the CRISPR target site.  The box at the top shows a schematic 
of chromosome 3 with a red line indicating the position of the SENP5 gene. A scale bar in kilobases is presented above a representation of NCBI RefSeq 
version of the whole SENP5 gene. Immediately below is a black square indicating the location of the amplified sequence from the parental line in 
relation to the gene. Underneath this is a zoomed in view of all full-length PCR products (thick black lines) surrounding the CRISPR target site 
(CRISPR_target_seq) from the parental line and SENP5 Line 3. A representation of the reference SENP5 amino acid sequence (given in single letter 
code) in blue for the protein coding region of the exon (4 of 9) is below each PCR product sequence. The PCR products from the mutant line are labelled 
in the following fashion; gene name_L(line number)_S (number of times sampled)-(sample number). Sample refers to the insert of a plasmid from a 
single bacterial colony transformed with the pGEM-T Easy vector ligated with PCR product from a CRISPR targeted region or wild type sequence. 
Vertical red lines in the PCR product indicate single nucleotide changes, orange lines indicate nucleotide insertions and breaks indicate nucleotide 
deletions. Arrows indicate the direction of the sequence. “hg38” is the UCSC Genome Browser assembly ID used in this analysis. Experiment performed 
once. 
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To demonstrate the strength of the consequences of the CRISPR mutations to the DNA 

sequence and resulting protein, the amino acid sequence of mutated SENP5 was predicted 

as described in the Materials and Methods. The wild type amino acid sequence of SENP5 is 

755 amino acids long (Figure 3.3A) and the amino acids encoded by CRISPR target region 

are located more than three quarters of the way through this sequence. All plasmid inserts 

sequenced had mutations affecting the amino acid sequence (Figure 3.3B-F); including two 

frameshifts resulting in premature (nonsence) stop codons, an insertion resulting in a 

premature stop codon, a deletion and an insertion resulting in fewer or additional amino 

acids, respectively. A frameshift occurs when the number of nucleotides added or removed 

are not divisible by 3, causing subsequent nucleotides to code for different amino acids; 

until the altered reading frame results in a stop codon. The SENP5 CRISPR KO cell line 3 was 

deemed to have a sufficient proportion of mutations predicted to be non-functional to take 

forward for functional analysis.  
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Figure 3.3 HEK-293 SENP5 Line 3 contains multiple copies of the SENP5 gene with 
mutations predicted to create non-functional protein. Predicted amino acid sequence of 
SENP5 based on the human reference genome, protein accession number NP_689912.2, 
(isoform 1, encoded by transcript variant 1) from UCSC genome browser (A). The amino acid 
sequence encoded by the targeted exon is highlighted in grey and the specific region 
encoded by the DNA sequence targeted by the CRISPR sgRNA is in bold. Amino acid 
sequences from the target exon based on PCR product sequences from HEK-293 SENP5 Line 
3 sample 1-1 (B), sample 1-2 (C), sample 1-3 (D) and sample 1-4 (E). Sample refers to the 
insert of a plasmid from a single bacterial colony transformed with the pGEM-T Easy vector 
ligated with PCR product from a CRISPR targeted region or wild type sequence. Underlined 
letters indicate positions where the amino acid sequence is different (due to an insertion, a 
deletion or a frame shift) and asterisks indicate premature (nonsense) stop codons. 
Experiment performed once. 
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3.1.2. Confirming CRISPR mutations in PRKG1 KO cell lines 

Five pGEM-T Easy plasmids containing PRKG1 PCR products per cell line from four cell lines 

were prepared for sequencing (not shown). Two of the cell lines (11 and 12) had multiple 

non-functional mutations (not shown and Figure 3.4). Three PCR product samples are 

shown in Figure 3.4 of the five plasmids sent for sequencing as the remaining two were 

primer dimers. The PCR product samples represented in Figure 3.4 all have deletion 

mutations within or encompassing the CRISPR target region. 
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Figure 3.4 HEK-293 CRISPR PRKG1 Line 12 contains multiple deletions at the CRISPR target site.  The box at the top shows a schematic of 

chromosome 10 with a red line indicating the position of the gene. A scale bar in kilobases is presented above a representation of the whole PRKG1 

gene (the specific NCBI RefSeq version targeted). Immediately above is a vertical red line indicating the location of the amplified PCR sequences in 

relation to the gene. Underneath this is a zoomed in view of all full-length PCR products (thick black lines) surrounding the CRISPR target site 

(CRISPR_target_seq) from the parental line and PRKG1 Line 12. A representation of the targeted PRKG1 exon in blue is below each PCR product 

sequence. The PCR products from the mutant line are labelled in the following fashion; gene name_L (line number) _S (number of times sampled) -

(sample number). Vertical red lines in the PCR product indicate single nucleotide changes, orange lines indicate nucleotide insertions and breaks 

indicate nucleotide deletions. Arrows indicate the direction of the sequence. “hg38” is the UCSC Genome Browser assembly ID used in this analysis. 

Experiment performed once. 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

Page | 74  
 

The PRKG1 protein sequence is 671 amino acids long (Figure 3.5A) and the amino acids 

encoded by the CRISPR target site are near the start of the sequence (encoded as part of 

the first exon). Any mutations causing frameshifts are thus likely to create severe or null 

mutations in this gene. The deletions in the nucleotide sequence for each of the PCR 

product samples for CRISPR KO PRKG1 Line 12 have produced a frameshift, causing a 

different series of amino acids to follow those encoded by the CRISPR target site (Figure 

3.5B-D). The altered reading frame continues past the end of the first exon, but as the 

splice site itself has not been disrupted, the mRNA and protein sequences continue into the 

next exon. The predicted protein sequences all terminate prematurely near the start of the 

second exon. The mutations found within the PRKG1 CRISPR target site in PRKG1 Line 11 

also resulted in predicted short protein sequences (data not shown). When both lines were 

cultured for expansion purposes, PRKG1 Line 12 grew more comparably to HEK-293 WT 

cells (little to no clustering) and was chosen for further experimental work. 
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Figure 3.5 HEK-293 PRKG1 Line 12 contains multiple non-functional copies of the PRKG1 
protein. Predicted amino acid sequence of PRKG1 based on the human reference genome, 
protein accession number NP_001091982.1, (isoform 1, encoded by transcript variant 1) 
from UCSC genome browser (A). The amino acid sequence encoded by the targeted exon is 
highlighted in grey and the corresponding amino acid sequences predicted from the 
following PCR products are presented; HEK-293 PRKG1 Line 12 sample 1-1 (B), sample 1-2 
(C) and sample 1-3 (D). Sample refers to the insert of a plasmid from a single bacterial 
colony transformed with the pGEM-T Easy vector ligated with PCR product from a CRISPR 
targeted region or wild type sequence. Where mutations in the DNA sequence cause a 
frameshift, predictions of amino acid sequences are presented based on changes to the 
mRNA transcript. Letters in bold indicate the DNA sequence homologous to the CRISPR 
sgRNA, underlined letters indicate positions where the amino acid sequence is different (due 
to frame shifts and deletions) and asterisks indicate premature (nonsense) stop codons. 
Experiment performed once. 
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MSELEEDFAKILMLKEERIKELEKRLSEKEEEIQELKRKLHKCQSVLPVPSTH
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3.1.3. Confirming CRISPR mutations in PCDH7 KO cell lines 

The transformations for the pGEM-T Easy plasmids containing PCDH7 PCR product inserts 

from CRISPR PCDH7 Lines 1-3 were of relatively low efficiency (3 surviving bacterial colonies 

each). Hence, the plasmid derived from each colony was checked for an insert and sent off 

for sequencing. Only the PCR product samples from CRISPR mutant PCDH7 Line 2 had 

mutations (Figure 3.6, S1-1 and S1-2) in the CRISPR target region. The third PCR product 

sample for PCDH7 Line 2 was a primer dimer. As only 2 PCR product samples had been 

sequenced for PCDH7 Line 2, further plasmids containing PCR product samples for this line 

were generated and sequenced (Figure 3.6, S2-1, S2-2, S2-3 and S2-4). Overall, more than 

60% of the PCR product samples from this cell line have mutations (2 insertions and 2 

deletions). 
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Figure 3.6 HEK-293 CRISPR PCDH7 Line 2 contains multiple deletions at the CRISPR target site. The box at the top shows a schematic of chromosome 

4 with a red line indicating the position of the gene. A scale bar in kilobases is presented above a representation of NCBI RefSeq versions of the whole 

PCDH7 gene and the label (on the left) for the version targeted is highlighted in blue. Immediately above is a vertical red line indicating the location of 

the amplified PCR sequences in relation to the gene. Underneath this is a zoomed in view of all full-length PCR products (thick black lines) surrounding 

the CRISPR target site (CRISPR_target_seq) from the parental line and PCDH7 Line 2. A representation of the targeted PCDH7 exon in striped black is 

below each PCR product sequence. The PCR products from the mutant line are labelled in the following fashion; gene name_L(line number)_S (number 

of times sampled)-(sample number). Vertical red lines in the PCR product indicate single nucleotide changes, orange lines indicate nucleotide insertions 

and breaks indicate nucleotide deletions. PCR products S1-1 and S1-2 are represented with breaks in the line even though they have insertions; as they 

both have one adenine replaced with a series of thymines, cytosines and guanines. Arrows indicate the direction of the sequence. “hg38” is the UCSC 

Genome Browser assembly ID. Experiment performed once. 
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Protocadherin 7 contains 1067 amino acids, with all but the last 11 encoded by the first 

exon (Figure 3.7A). CRISPR KO PCDH7 Line 2 PCR product samples S1-1 and S1-2 have the 

same DNA mutation (an insertion resulting in a frameshift, see Table 3.1 for more detail) 

and predicted protein sequence (Figure 3.7B, C). Samples S2-1 and S2-3 (Figure 3.7D, F) 

have the protein sequence as wild type; whereas samples S2-2 and S2-4 have the same 

inserted amino acids, which replaced one of the amino acids encoded by the CRISPR target 

site (Figure 3.7E, G). CRISPR KO PCDH7 line 2 was used to investigate the PCDH7 KO 

infection phenotype (in further sections of this Chapter) identified in the HEK-293 screen. 

Table 3.1 summarises the details of each mutation and its consequence for each cell line 

and gene of interest (including genes and cell lines that were not taken forward). 
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Figure 3.7 HEK-293 PCDH7 Line 2 contains multiple non-functional copies of 
protocadherin 7.  Predicted amino acid sequence of protocadherin 7 based on the human 

reference genome, protein accession number NP_002580.2, (isoform a, encoded by 

transcript variant a) from UCSC genome browser (A). The amino acid sequence encoded by 

the targeted exon is highlighted in grey and the region encoded by the DNA sequence 

targeted by the CRISPR sgRNA is in bold. Amino acid sequences from the target exon based 

on PCR product sequences from HEK-293 PCDH7 Line 2 sample 1-1 (B), sample 1-2 (C), 

sample 2-1 (D), sample 2-2 (E), sample 2-3 (F) and sample 2-4 (G). Sample refers to the 

insert of a plasmid from a single bacterial colony transformed with the pGEM-T Easy vector 

ligated with PCR product from a CRISPR targeted region or wild type sequence. The 

sequences presented in B-G start at the amino acids encoded by the DNA CRISPR target site. 

Underlined letters indicate positions where the amino acid sequence is different to the wild 

type (due to an insertion or a frameshift) and asterisks indicate premature stop codons. 

Experiment performed once. 

 

3.2. Failure to observe significant effects on protein expression 
in CRISPR ARID4B HEK-293 cell lines 

A CRISPR Cas9 generated ARID4B mutant HEK-293 cell line (Line 6) was created in the same 

manner as the CRISPR KO cell lines in Sections 3.1.1, 3.1.2 and 3.1.3. However, several 

attempts to genetically characterise the line stalled due to inefficient target locus PCR 

amplification (complete lack of correct PCR product). Five different primer pairs were 

tested, but no product from the locus was generated. Annealing temperature gradients 

were tested, as well as different PCR machines, increasing the number of cycles and 

increasing the length of the final elongation. Some of this investigation was spent 

amplifying and optimising for a non-specific product of similar size. 

Therefore, a different route was taken to confirm the KO status of the cell line – assessment 

of the ARID4B protein expression level (Figure 3.8) and cellular localisation (Figure 3.9) in 

Line 6 as well as a further cell line (Line K). A central nervous system gene thought not to be 

associated with infection (SEMA3A) was chosen to target using CRISPR for use as a CRISPR 

‘sham’ control. No clonal cell lines were isolated for this control; the CRISPR-treated cells 

were instead used as a mixed pool of putative mutants. The CRISPR KO control SEMA3A 

was additionally infected with STM (according to the bacterial infection protocol in Section 

2.8) after which  total protein was extracted 24 hours post gentamicin maintenance 

addition to assess any differences in ARID4B protein expression levels to uninfected CRISPR 

KO control SEMA3A (Figure 3.8). 

Multiple protein bands per cell line were anti-human ARID4B antibody positive and present 

at varying intensities (Figure 3.8, top). As the anti-human β-actin antibody loading control 

also produced bands of differing intensity, the intensity of each anti-human ARID4B 

antibody band was normalised to the respective loading control and plotted (Figure 3.8, 

bottom). Once normalised, the intensities of the bands for the potential KO Lines K, and 6, 

were comparable to CRISPR control SEMA3A and wild type. This suggests that on average 
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both Lines K and 6 express wild type levels of ARID4B protein. STM infection had no effect 

on ARID4B protein expression levels.
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Figure 3.8 HEK-293 CRISPR KO ARID4B Lines K and 6 have comparable ARID4B protein 
expression to CRISPR control (cont) SEMA3A and HEK-293 wild type (WT). ARID4B protein 

expression in HEK-293 CRISPR KO ARID4B cell lines K, 6, CRISPR control (cont) SEMA3A 

(uninfected or STM-infected) and wild type (WT) stained with anti-ARID4B antibody on a 

western blot. Western blot band intensities were measured in ImageJ and plotted relative to 

the respective β-actin band. Experiment performed once. 

 

The presence of ARID4B protein in Lines 6 and K may be the result of gene mutations that 

do not prevent protein production but still alter functionality, or simply a complete lack of 

amino acid changing (nonsynonymous) mutations. To test whether the protein in these 

CRISPR ARID4B cell lines might have altered protein localisation (an example of aberrant 

function), a visual assessment of the presence and localisation of the ARID4B protein across 

cultured cells of the cell line populations was performed using immunofluorescence 

microscopy. To facilitate this, HEK-293 wild type and potential KO ARID4B Line 6 were fixed 

and stained with the same anti-ARID4B antibody before staining with an Alexa Fluor 488 
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secondary antibody (Figure 3.9A). The antibody stained the protein well in wild type cells 

and was localised specifically to the nucleoplasm. In contrast the protein in potential KO 

ARID4B Line 6 is spread throughout the nucleus. 

The presence and localisation of ARID4B was also tested in potential KO ARID4B Line K and 

Line P (a third CRISPR mutant cell line), which were stained with anti-ARID4B antibody 

(Alexa Fluor 488 secondary) and anti-α-tubulin antibody (Alexa Fluor 594 secondary) before 

imaging by microscopy (Figure 3.9B). Line P demonstrated wild type-like ARID4B 

localisation, but is presented to contrast with the abnormal ARID4B localisation and 

morphology seen in Line K. Potential KO ARID4B Line K cells appeared fused together in 

clusters, with little to no ARID4B staining in the nucleus, instead residing in dense regions in 

the cytoplasm. Presence and localisation of ARID4B was observed for 5 other potential KO 

ARID4B lines by immunofluorescence but none of these displayed any differences to wild 

type cells. Therefore, none of the CRISPR mutant ARID4B cell lines are KOs, but Lines K and 

6 are sufficiently mutated to generate abnormal cellular localisation. However, these cell 

lines were dropped from further enquiry as it was felt that the mutations may not be strong 

enough to affect bacterial burden. The morphological and protein localisation changes 

described here are summarised in Table 3.1. 
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Figure 3.9 ARID4B Lines 6 and K show different patterns of protein expression compared 
to wild type cells, which may indicate the presence of mutations. HEK-293 wild type (WT), 
potential CRISPR KO ARID4B Line 6 A, or potential CRISPR KO ARID4B Lines K and P B, were 
stained with anti-human ARID4B antibody (with an Alexa Fluor 488 -green- fluorescent 
secondary antibody) and DAPI mountant to stain nuclei. Potential CRISPR KO ARID4B Lines K 
and P were additionally stained with anti-α-tubulin antibody (with an Alexa Fluor 594 -red- 
secondary antibody). All images were taken on an upright epifluorescence microscope at a 
total magnification of 400x. Experiment performed once. 

3.3. Lack of altered SENP5 protein expression in CRISPR Cas9 
SENP5 targeted cell line 

The SENP5 protein expression in CRISPR KO SENP5 Line 3 was also characterised, in this 

case also adding STM infection as a variable. CRISPR control SEMA3A pool and CRISPR KO 

SENP5 Line 3 were infected with STM at a MOI of 10 following the bacterial infection assay 

protocol in Chapter 2. Total protein samples (extracted from infected and mock-infected 

combinations of each at 24 hours post gentamicin maintenance addition) were loaded onto 

an SDS polyacrylamide gel electrophoresis (PAGE) gel before probing for SENP5 protein 

(Figure 3.10). The anti-SENP5 antibody stained a faint single band per lane between 80-90 

kDa, which matches the theoretical molecular weight for SENP5 at 87 kDa. Staining for β-

actin was used as a loading control, but the β-actin band intensity was much less in infected 

samples, as might be expected, given the likelihood of increased cell death. To adjust for 

the inconsistent β-actin band intensity, the band intensities were measured in ImageJ and 

the intensity of the SENP5 bands were plotted relative to the respective β-actin band. 

Based on the relative band intensities, SENP5 protein expression does not change after 

infection or CRISPR mutation. The presence of protein despite predicted protein truncation 

or mRNA nonsense mediated decay may be the result of multiple scenarios which are 

described in Section 3.5.4. 

Due to the failures to observe distinct reductions in the protein expression in SENP5 or 

ARID4B in the respective CRISPR Cas9 cell lines, none were taken forward for phenotypic 

infection characterisation.  
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Figure 3.10 CRISPR KO SENP5 Line 3 has similar SENP5 protein expression to CRISPR 

control SEMA3A regardless of STM-infected status. SENP5 and -actin loading control 
protein from STM-infected (cross-hatched) or uninfected (squares) HEK-293 CRISPR control 

SEMA3A pool and CRISPR KO SENP5 Line 3 stained with anti-SENP5 antibody or anti--actin 
antibody on a western blot. Total protein used. The band stained with the anti-SENP5 
antibody is between 80-90 kDa. Western blot band intensities were measured in ImageJ and 

plotted relative to the respective -actin band. Experiment performed once. 
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Table 3.1 List of CRISPR cell lines created, isolated and genetically characterised for the 
genes of interest from the HEK-293 screen. Neomycin resistant CRISPR Cas9 treated 
isolated cell lines from a HEK-293 background. *Refers to the antibiotic selected E. coli 
transformed with pGEM-T Easy plasmids containing PCR products from the relevant cell line 
listed. SENP5 Line 3, PRKG1 Line 12 and PCDH7 Line 2 were taken forward. PRKG1 Line 11 
S1-3 – insertion may be due to Taq polymerase, which has a low reported insertion rate 
(McInerney et al., 2014; Potapov and Ong, 2017). 

Gene 

targeted 

Cell line Bacterial 

colony* 

Mutation summary 

SENP5 Line 3 

S1-1 14 nucleotides deleted, frameshift, 

premature stop codon 

S1-2 15 nucleotides inserted including stop 

codon 

S1-3 9 nucleotides deleted, no frameshift 

S1-4 Missing one base, frameshift, 

premature stop codon and 2 point 

mutations 

S1-5 6 nucleotides inserted, no frameshift 

PRKG1 

Line 10 

S1-1 No mutation 

S1-2 2 single nucleotide changes 

S1-3 No mutation 

Line 11 

S1-1 31 nucleotides deleted, frameshift, 

premature stop codon 

S1-2 30 nucleotides deleted, no frameshift 

S1-3 1 nucleotide inserted towards end of 

sequence, outside of target site 

S1-4 16 nucleotides deleted, frameshift, 

premature stop codon 

Line 12 

S1-1 28 nucleotides deleted, frameshift, 

premature stop codon 

S1-2 16 nucleotides deleted, frameshift, 

premature stop codon 
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Gene 

targeted 

Cell line Bacterial 

colony* 

Mutation summary 

PRKG1 

(continued) 

Line 12 

(continued) 

S1-3 8 nucleotides deleted, frameshift, 

premature stop codon 

Line 13 

S1-1 2 nucleotide changes 

S1-2 1 nucleotide change 

S1-3 2 nucleotide changes 

S1-4 1 nucleotide insertion near the end of 

the sequence 

S1-5 4 nucleotide changes 

PCDH7 

Line 1 

S1-1 No mutations 

S1-2 3 nucleotide changes 

S1-3 No mutations 

Line 2 

S1-1 8 nucleotides inserted in place of 1 

nucleotide, frameshift, premature stop 

codon 

S1-2 8 nucleotides inserted in place of 1 

nucleotide, frameshift, premature stop 

codon 

S2-1 No mutation 

S2-2 13 nucleotides inserted; 4 nucleotides 

replaced, 2 amino acids replaced with 5 

others, no frameshift 

S2-3 No mutation 

S2-4 13 nucleotides inserted, 4 nucleotides 

replaced, 2 amino acids replaced with 5 

others, no frameshift 

Line 3 

S1-1 No mutations 

S1-2 2 nucleotide changes 

S1-3 No mutations 

PSMA1 Line 1 

S1-1 2 nucleotide changes 

S1-2 2 nucleotide changes 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

Page | 90  
 

Gene 

targeted 

Cell line Bacterial 

colony* 

Mutation summary 

PSMA1 

(continued) 

Line 1 

(continued) 

S1-3 2 nucleotide changes 

Line 2 

S1-1 No mutations 

S1-2 No mutations 

S1-3 6 nucleotide changes 

Pool 

S1-1 2 nucleotide changes 

S1-2 3 nucleotide changes 

S1-3 5 nucleotide changes 

S1-4 3 nucleotide changes 

S1-5 2 nucleotide deletions, resulting in a 

frame shift and a premature stop 

codon. 

S1-6 2 nucleotide changes 

ARID4B 

Line 1 N/A Wild type-like localisation of ARDI4B 

protein (nucleoplasm specificity) 

Line 4 N/A Wild type-like localisation of ARDI4B 

protein (nucleoplasm specificity) 

Line 5 N/A Wild type-like localisation of ARDI4B 

protein (nucleoplasm specificity) 

Line 6 N/A ARID4B protein found throughout the 

nucleus, comparable protein 

expression to wild type 

Line K N/A ARID4B protein in cytoplasm, 

comparable protein expression to wild 

type (nucleoplasm specificity) 

Line N N/A Wild type-like localisation of ARDI4B 

protein (nucleoplasm specificity) 

Line P N/A Wild type-like localisation of ARDI4B 

protein (nucleoplasm specificity) 

Line R N/A Wild type-like localisation of ARDI4B 

protein (nucleoplasm specificity) 
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3.4. Phenotypic characterisation of PCDH7 and PRKG1 CRISPR 
KO cell line infection by Salmonella and Shigella 

Assays to measure infection resistance through host cell resistance to death (to replicate 

the original screen) or bacterial burden (as an alternative readout of bacterial resistance) 

were performed. Bacterial burden can provide additional indications of why a mutation 

might promote increased or decreased host survival, such as antibacterial activity, reduced 

bacterial replication or restricted access to the intracellular space. 

A timeline of the bacterial infection assay and other procedures used in this chapter is 

shown in Figure 3.11B. The CRISPR KO ‘sham’ control described in Section 3.2 is used in 

infection experiments throughout this section.  
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Figure 3.11 Comparison of the protocols that were used to isolate, and subsequently 
validate, infection-resistant genes in HEK-293 cells. Summary of the previous HEK-293 GT 

library selection screen using STM as the infectious agent (A) and of the bacterial infection 

assay used to compare bacterial burden in HEK-293 CRISPR KO cell lines with wild type and 

sham control cells (B). A, 1. HEK-293 GT library cells were inoculated with STM, before 2. 

supplementing with 50 µg/mL gentamicin one hour later. 3. A penicillin, streptomycin, 

gentamicin combination added a day later to begin the termination of the experiment. 4. 

Antibiotic supplementation maintained in culture for the next 4 days. Most HEK-293 GT 

library cells are expected to die within 2-3 days of STM inoculation. 5. Upon elimination of 

remaining bacteria, surviving cells were reinfected 2 more times. B, 1. HEK-293 CRISPR KO 

cells and wild type (WT) cells were inoculated with an intracellular pathogen (e.g. STM). 2. 

An hour later, 30 µg/mL gentamicin was added to kill extracellular bacteria. 3. To assess 

bacterial burden, after a further hour the designated 0-hour time point was processed: the 

host cells were lysed, and diluted lysate was plated to generate CFU data. 4. A maintenance 

concentration of gentamicin (10 µg/mL) was added to the remaining cells. 5. After 2 hours 

the 2-hour time point was processed. 6. The 24-hour time point was processed 24-hours 

after addition of gentamicin maintenance media. 7, 8, 9. In an alternative assay, measuring 

host cell death, LDH activity was quantified in cell supernatant 24, 48 and 72 hours after 

addition of gentamicin maintenance media. Further details on the bacterial infection assay, 

bacterial burden and LDH activity assay are in Chapter 2. 

 

3.4.1. Determining accurate multiplicity of infection for S. enterica ser. 
Typhimurium: correlation of optical density measurements with 
colony forming units 

In preparation for the candidate gene validation study, it was necessary to optimise 

infection parameters.  Estimates of bacterial number in a liquid culture can be made by 

diluting the culture and plating it on agar to generate CFU, which may be counted and 

extrapolated to give the original bacterial number. Estimating concentration from the OD is 

a much quicker alternative but requires an empirically derived correlation between OD and 

CFU. Such a correlation has previously been determined in the laboratory for S. sonnei by 

Dr Rasha Mahmoud, but STM is a different size and thus requires its own specific equation. 

Two STM subcultures (diluted 1:100 from overnight cultures) were grown at 37oC over a 

period of 215 minutes until a final OD600 reading of 0.9 was reached. A third replicate 

experiment was performed on a different day. In parallel, to determine the phase of growth 

at an OD600 of 0.9, a growth curve of OD600 values against time was created from one of the 

subcultures (Figure 3.12). The growth curve shows that at an OD600 reading of 0.9, the 

subculture is still in the exponential growth phase (or potentially on the verge of entering 

stationary phase), meaning that the ratio of living to dead bacteria will be similar to that at 

OD600 0.3 and 0.6. OD600 readings of 0.3 and 0.6 are important as the original screen used a 

STM subculture at OD600 0.3 and experiments in other chapters were performed at OD600 

0.6.  
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Figure 3.12 STM growth in subculture, as measured by OD600 over time: an OD600 of 0.9 is 
still in exponential phase. STM subculture in LB was prepared from a 1:100 dilution of 
overnight culture before shaking at 37oC until the culture reached an OD600 of 0.9. The OD of 
the subculture was measured periodically over the course of 215 minutes to estimate the 
stage of growth of the culture at an OD600 of 0.9. Experiment performed once and each 
point is representative of a measurement. 

 

Subcultures at OD600 0.9 were diluted with LB to obtain the range of OD600 readings required 

within ± 0.02 and serially diluted in PBS prior to plating on LB agar to generate CFU counts. 

The concentration of the LB-diluted subculture at each OD600 reading was calculated from 

the CFU counts and plotted against OD600 to generate a set of data points through which a 

line of best fit was drawn (Figure 3.13). The resulting equation for this line (shown below 

the figure) was therefore available for use in applying an accurate MOI in all subsequent 

infection experiments. A line representing the OD600 to CFU correlation for S. sonnei 

(equation in Chapter 2, Figure 2.7) is also shown in Figure 3.13 for comparison. The two 

lines are very different to each other, with different gradients and intercepts, thus 

demonstrating that it was important to generate an equation for Salmonella. 
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Figure 3.13 OD: CFU correlations for STM and S. sonnei. STM subculture in LB was prepared 
from 1:100 dilution of overnight culture before shaking at 37oC until the culture reached an 
OD600 of 0.9. The bacterial culture was diluted in LB to the desired OD600 values (LB diluted-
culture) before preparing 10-fold serial dilutions in PBS of the LB diluted-culture to put onto 
agar. Each black data point represents one biological replicate (experiment performed three 
times). A linear regression and goodness of fit was calculated in Graphpad Prism 6.01. A 
(green) line representing the S. sonnei equation (previously empirically determined) 
between OD600 and CFU is shown for comparison. 

 

3.4.2. Survival of CRISPR PCDH7 and PRKG1 KO cell lines during S. 
enterica ser. Typhimurium infection as a means to validate the 
survival phenotype originally identified in the HEK-293 gene trap 
survival screen 

Armed with an equation to determine the bacterial concentration of a STM subculture, a 

method to compare the host cell death of CRISPR KO lines to wild type HEK-293 cells under 

infection conditions was sought. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay measures metabolic activity but is often used as a rough assessment 

of host cell survival (Cummings et al., 2004). The use of Annexin V in flow cytometry is used 

as a direct measure of apoptosis but does not measure other kinds of cell death. STM-

infected epithelial cells are putatively thought to undergo pyroptosis as well as epithelial 

cell extrusion (Gudipaty and Rosenblatt, 2017; Knodler et al., 2010; Rauch et al., 2017). 

HEK-293 cells are not epithelial cells, but STM infection data for these cells is lacking. 

Therefore, the method chosen was required to be quantitative, relatively quick to use, and 

a direct measure of cell death. The lactate dehydrogenase (LDH) assay matched these 

criteria. The LDH assay relies on the release of host LDH into the culture medium as a result 
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of plasma membrane permeability (characteristic of necrosis, necroptosis and pyroptosis). 

The enzyme activity is then measured through the addition of a synthetic substrate, which 

generates a coloured product in proportion to LDH released/cell death. 

HEK-293 CRISPR KO PCDH7 Line 2 and PRKG1 Line 12, together with control cells, were 

inoculated with STM at a MOI of 10 (the details of the procedure are outlined in Chapter 2) 

to emulate the conditions of the original HEK-293 infection survival screen (described in 

Chapter 1). The infection in that survival screen lasted for 3 days, thus, LDH activity was 

measured here over the course of 72 hours (summary in Figure 3.11) as the enzyme has a 

half-life of 9 hours in culture medium (Riss et al., 2004). The individual measurements for 

experimental samples were converted into percent cytotoxicity using the equation (Figure 

3.14) provided by the manufacturers. The denominator in this equation is the ‘Max LDH 

release’ which is the average of measurements from 3 wells of (wild type) cells (also 

infected with STM) treated with lysis buffer. 

 

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 − 𝑏𝑙𝑎𝑛𝑘

𝑀𝑎𝑥 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 − 𝑏𝑙𝑎𝑛𝑘
 × 100 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑐𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) 

Figure 3.14 Equation to determine percent cytotoxicity provided by the Promega 
Cytotox96 Non-radioactive cytotoxicity assay manual.  Each of the components in the 

fraction are OD490 values determined from experimental well supernatant (Experimental 

LDH release), supernatant from lysis buffer treated wells (Max LDH release) or media only 

control (blank). 

 

The infection and LDH assay were performed twice for PCDH7 Line 2 (Figure 3.15A, B); but 

only performed once for PRKG1 Line 12 (Figure 3.15A) due to difficulties in achieving 

adequate cell growth prior to seeding. PRKG1 Line 12 has a significantly higher percentage 

cytotoxicity at 48 hours post gentamicin than wild type (Figure 3.15A) suggesting that it has 

a reduced survival advantage, though the cytotoxicity becomes comparable to wild type at 

72 hours post gentamicin. It is likely that percentages higher than 100 in Figure 3.15 are the 

result of inadequate lysis of the ‘Max LDH release’ wells (which were inoculated with a 

comparable number of bacteria). In the first experiment (Figure 3.15A) the LDH activity 

nearly (or actually) reaches 100% at 48 hours for all cell lines (including wild type and 

CRISPR control SEMA3A pool) with the LDH activity decreasing slightly at 72 hours. In the 

second experiment (Figure 3.15B) the LDH activity reaches 80-90% at 48 hours, peaking at 

72 hours. Surprisingly, the LDH activity in CRISPR KO PCDH7 Line 2 (in Figure 3.15B) 

significantly surpasses that found in wild type supernatant, suggesting an increased 

susceptibility to infection. This pattern is mirrored in Figure 3.15A but does not reach 

significance. The increased LDH activity (as a measure of cell death) seen in these two cell 

lines is unexpected, because it was assumed that the increased survival of the PCDH7 

mutant observed in the original screen would correlate with decreased cell death here. LDH 

activity is also slightly (but significantly) increased in CRISPR KO SEMA3A cells at 48 hours 

compared to the wild type, in contrast to the lack of difference found in the initial 

experiment (Figure 3.15A). 
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Figure 3.15 Infected HEK-293 CRISPR KO cell lines show increased cytotoxicity at 48 hours 
post gentamicin maintenance. HEK-293 wild type (WT), CRISPR KO SEMA3A pool (the 
CRISPR control), CRISPR KO PCDH7 Line 2 and in A only, PRKG1 Line 12 were inoculated with 
STM at a MOI of 10. At 24-, 48- and 72- hours post gentamicin maintenance addition 
supernatant samples were taken to measure lactate dehydrogenase activity with the 
cytotoxicity assay as a proxy for host cell death. Percent cytotoxicity was calculated 
(according to the CytoTox96® Non-Radioactive Cytotoxicity Assay manual instructions) using 
the equation in Figure 3.14. Experiment performed twice (presented each in A and B). The 
data was analysed by two-way Analysis of variance (ANOVA) and multiple comparisons 
were made to wild type with Dunnett’s multiple comparisons test; **** refers to p ≤ 0.0001 
and ** to p ≤ 0.01. 
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3.4.3. Assessment of the intracellular bacterial burden of CRISPR KO cell 
lines during infection with intracellular pathogens. 

Improved host survival during infection may not be a simple resistance to cell death upon 

intracellular entry of the pathogen but may result from a more subtle suppression of 

intracellular proliferation or bactericidal activity. Indeed, phenotypes in this second 

category are of most interest. Simply promoting host cell survival regardless of pathogen 

infection may preserve a suitable replicative niche, thus allowing greater overall pathogen 

burden for the host organism. To better understand the underlying features of the host 

infection phenotypes found, intracellular bacterial burden was calculated over infection 

time courses with 4 bacterial species. These species were chosen from 4 orders within the 

class of Gammaproteobacteria to promote identification of potential ‘universal’ host 

defence processes, which would be of particular interest as therapeutic targets. 

3.4.3.1. S. enterica ser. Typhimurium infections 

HEK-293 CRISPR KO PCDH7 Line 2, PRKG1 Line 12 and appropriate controls were inoculated 

with STM at a MOI of 70 before 1-hour treatment with a concentration of gentamicin 

sufficient to kill extracellular bacteria. A higher MOI was chosen than in the infection 

survival screen and cytotoxicity assay to produce a more pronounced effect. Thereafter a 

lower maintenance concentration of gentamicin was used to avoid bacterial growth (from 

previously lysed host cells) overtaking the culture media and obscuring the measurement of 

the intracellular bacterial burden. Immediately after adding the gentamicin maintenance 

concentration, the 0-hour time point sample was processed (timeline in Figure 3.11B). The 

intracellular bacterial burden was measured by plating the serially diluted lysate from 

infected wells and enumerating the colony forming units (CFU). In infection experiment 1, 

the intracellular STM burden in PRKG1 Line 12 cells was slightly lower at 0- and 2- hours 

post gentamicin maintenance than in wild type or SEMA3A pool control cells, though this 

did not attain significance (Figure 3.16A). The difference in intracellular burden increased 

by the 24-hour time point, gaining significance compared to the burden in wild type cells. 

CRISPR KO PCDH7 Line 2 cells also had significantly fewer intracellular STM by 24-hours post 

gentamicin maintenance than wild type cells (Figure 3.16A). Concerningly, the CRISPR 

‘sham’ control KO SEMA3A had a significantly lower bacterial burden than the wild type 

control (Figure 3.16), the potential causes of this are discussed in Section 3.5.12 in the 

Discussion. Interestingly, when the bacterial burden was normalised per cell line to 0-hour 

levels (Figure 3.16B), the difference between wild type and CRISPR KO PRKG1 Line 12 

disappears; indicating that the mutation may be most important in controlling STM 

infection prior to the 0-hour time point. Use of a ‘0-hour’ time point to normalise 

subsequent bacterial burden has precedent in the study of Listeria monocytogenes (another 

facultative intracellular bacterium) and STM infection  (Drecktrah et al., 2006; Drevets et al., 

1994). 

The decrease in bacterial burden in CRISPR KO PCDH7 Line 2 compared to wild type was 

replicated in the second infection experiment with HEK-293 wild type, CRISPR KO SEMA3A 

pool and PCDH7 Line 2 cells (Figure 3.17). CRISPR KO PRKG1 Line 12 was not included in the 

second experiment due to insufficient cell growth prior to seeding. Without further 

replicate experiments, the differences seen in CRISPR KO PCDH7 Line 2 and PRKG1 Line 12 
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cells are inconclusive, though promising. These experiments, and future work exploring 

these phenotypes, are discussed in Section 3.5.  
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Figure 3.16 Infection experiment 1 - HEK-293 CRISPR KO PRKG1 Line 12 has significantly 
reduced intracellular STM burden at 24 hours; a difference that disappears when 
normalised to 0-hour burdens. Salmonella enterica serotype Typhimurium SL1344 
intracellular burden of HEK-293 CRISPR KO cell lines at 0-hours, 2-hours and 24-hours post 
gentamicin maintenance as determined by CFU (protocol in Figure 3.11B). HEK-293 cells 
inoculated with a MOI of 70 before treating with a bacterial killing and maintenance 
concentration of gentamicin at consecutive hourly intervals (more detailed methodology 
found in Chapter 2). Data are presented as CFU x 106/ mL (A) or normalised to the average 
0-hour CFU per cell line (B). The data were analysed by two-way ANOVA and multiple 
comparisons were made to wild type with Dunnett’s multiple comparisons test; **** refers 
to p ≤ 0.0001 and ** to p ≤ 0.01. This is experiment 1 of 2, the data points are 
representative of intra-experiment replicates and the bars show the mean. 
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Figure 3.17 Infection experiment 2 - HEK-293 CRISPR KO PCDH7 Line 2 has significantly 
reduced intracellular STM burden at 24 hours; a difference which is retained when 
normalised to 0-hour burdens. Salmonella enterica serotype Typhimurium SL1344 
intracellular burden of HEK-293 CRISPR KO cell lines at 0-hours, 2-hours and 24-hours post 
gentamicin maintenance (protocol in Figure 3.11B). HEK-293 cells inoculated with a MOI of 
70 before treating with a bacterial killing and maintenance concentration of gentamicin at 
consecutive hourly intervals. The data were analysed by two-way ANOVA and multiple 
comparisons were made to wild type with Dunnett’s multiple comparisons test; **** refers 
to p ≤ 0.0001 and * to p ≤ 0.05. This is experiment 2 of 2, the data points are representative 
of intra-experiment replicates and the bars show the mean.  
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3.4.3.2. Shigella sonnei infections 

To assess the breadth of the effect of the CRISPR-induced candidate gene mutations in 

response to infection, bacterial burden was also measured when cells were inoculated with 

S. sonnei. In infection experiment 1, HEK-293 wild type, CRISPR KO SEMA3A pool, PCDH7 

Line 2 and PRKG1 Line 12 were inoculated with S. sonnei at a MOI of 10 (Figure 3.18), as 

described in Chapter 2. The intracellular S. sonnei burden was significantly less in CRISPR KO 

PRKG1 Line 12 than in wild type cells at all time-points (Figure 3.18A). At 24 hours post 

gentamicin maintenance (see Figure 3.11B), CRISPR KO PCDH7 Line 2 also had significantly 

less intracellular bacteria than wild type cells (Figure 3.18A). However, the CRISPR KO 

SEMA3A pool proved problematical as a CRISPR control in S. sonnei infection; in fact, it had 

the lowest bacterial burden of any of the cell lines (except for CRISPR KO PRKG1 Line 12) at 

all time-points. When the CFU were normalised to the 0-hour data per cell line, the 

bacterial burden in CRISPR KO PCDH7 Line 2 remained significantly lower than in wild type 

cells at 24 hours (Figure 3.18B). This suggests that a large part of the effect of the PCDH7 

mutation on the infection occurs later, perhaps during bacterial multiplication. In contrast, 

the burden in CRISPR KO PRKG1 Line 12 became significantly higher than in wild type cells 

at 24-hours. 
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Figure 3.18 Infection experiment 1 - HEK-293 CRISPR KO PRKG1 Line 12 and PCDH7 Line 2 
have significantly lower intracellular S. sonnei burdens than wild type (WT) at 24 hours; a 
difference that is inverted for HEK-293 CRISPR KO PRKG1 Line 12 when normalised to 0-
hour burdens. S. sonnei strain 86 intracellular burden of HEK-293 CRISPR KO cell lines at 0-
hours, 2-hours and 24-hours post gentamicin maintenance. HEK-293 cells inoculated with a 
MOI of 10 before treating with a bacterial killing and maintenance concentration of 
gentamicin at consecutive hourly intervals (more detailed methodology found in Chapter 2, 
timeline in (Figure 3.11B). The data were analysed by two-way ANOVA and comparisons 
were made to wild type with Dunnett’s multiple comparisons test; **** refers to p ≤ 0.0001, 
*** to p ≤ 0.001 and * to p ≤ 0.05. This is experiment 1 of 2, the data points are 
representative of intra-experiment replicates and the bars show the mean. 
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In the second experiment (Figure 3.19A), a significantly lower bacterial burden was once 

again seen for CRISPR KO PCDH7 Line 2 cells at 24-hours compared to the wild type burden. 

The bacterial burden in CRISPR KO PCDH7 Line 2 cells remained low compared to wild type 

cells at 24 hours when the CFU were normalised to the CFU at 0 hours per cell line (Figure 

3.19B). CRISPR KO SEMA3A demonstrated the same pattern of (low) bacterial burden in the 

second experiment (Figure 3.19A) as that seen in the first (Figure 3.18A). CRISPR KO PRKG1 

Line 12 cells were not used in this replicate experiment due to insufficient cell growth prior 

to seeding. The differences found in bacterial burden for CRISPR KO PCDH7 Line 2 and 

PRKG1 Line 12 are consistent with the patterns found in STM infection. 
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Figure 3.19 Infection experiment 2 - HEK-293 CRISPR KO PCDH7 Line 2 has significantly 
reduced intracellular S. sonnei burden at 24 hours compared to wild type (WT); a 
difference which is retained when normalised to 0-hour burdens. S. sonnei strain 86 
intracellular burden of HEK-293 CRISPR KO cell lines at 0-hours, 2-hours and 24-hours post 
gentamicin maintenance. HEK-293 cells inoculated with a MOI of 10 before treating with a 
bacterial killing and maintenance concentration of gentamicin at consecutive hourly 
intervals (Figure 3.11B). The data were analysed by two-way ANOVA and comparisons were 
made to wild type with Dunnett’s multiple comparisons test; **** refers to p ≤ 0.0001 and * 
to p ≤ 0.05. This is experiment 2 of 2, the data points are representative of intra-experiment 
replicates and the bars show the mean. 
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3.5. Discussion 

3.5.1. Overview  

This project started with a selection of gene hits identified from two previous HEK-293 GT 

library infection screens that aimed to identify host resistance genes and pathways. The 

intention was to identify key host biological processes critical for infection that might be 

targets for drugs which would limit pathogen invasion or replication. In this chapter we 

used cell lines mutated by CRISPR to test the validity of these genes in an independent 

fashion. 

3.5.2. Summary of the genetic characterisation of CRISPR KO cell lines 

The CRISPR/Cas9 system was used to target 5 of the genes (SENP5, PRKG1, PCDH7, ARID4B, 

PSMA1) hypothesised to comprise a host infection response network to generate a pool of 

mutated cells for each respective gene. Multiple lines were isolated and for each of which a 

subset was tested for CRISPR generated mutations through a variety of methods. At least 

one cell line harbouring CRISPR generated mutations predicted to produce no or non-

functional protein were found for 2 of the genes (PRKG1, PCDH7) and 2 cell lines with 

altered protein localisation were identified for a third (ARID4B). Genetic characterisation of 

CRISPR KO SENP5 Line 3 indicated that the protein was likely to be absent or non-

functional, but a Western blot demonstrated comparable protein expression to the CRISPR 

control KO SEMA3A pool. 

CRISPR generated mutations (2 of 6 plasmids tested) were found in a pool of CRISPR PSMA1 

targeted cells, of which one was a nonsense mutation. CFTR CRISPR lines were also made 

but not characterised due to time constraints. 

The mutations found in CRISPR KO SENP5 Line 3 and PCDH7 Line 2 were a combination of 

nonsense mutations (resulting from a premature stop codon) and moderately sized amino 

acid insertions/deletions. Nonsense mutations produce abnormally short transcripts, which 

can be identified as abnormal and degraded by the cell (in a process known as nonsense 

mediated decay). If not degraded, the transcript will produce a truncated protein, which 

will likely be non-functional. Small- to moderately- sized amino acid deletions or insertions, 

however, vary substantially in effect depending on the mutation location, effect on folding 

and effect of any charge changes on function. 

CRISPR KO PRGK1 Line 12 was genetically less characterised, as initial cloning isolated 2 

primer dimers as well as copies of the genuine target region. Based on this limited evidence 

CRISPR KO PRGK1 Line 12 could be as genetically corrupted as PCDH7 Line 2, or the Cas9 

enzyme could have been more efficient. Nevertheless, these lines were taken forward for 

phenotypic analysis of the mutated genes in infection. 

3.5.3. Are CRISPR KO HEK-293 cell lines heterogeneous? 

As somatic cells in Homo sapiens are diploid, one might initially expect up to two versions 

to present in a truly clonal CRISPR mutated isolate; however, HEK-293 (the cell line 
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background) is aneuploid (Lin et al., 2014; Stepanenko and Dmitrenko, 2015). Thus, one 

possibility is simply that there are several copies of these genes per cell. Indeed, 

interrogation of the 293 Variant Viewer (http://www.hek293genome.org/index.php) (Lin et 

al., 2014) revealed that PRKG1 accession NM_001098512, SENP5 accession NM_152699 

and PCDH7 accession NM_002589 have copy numbers of 2.98, 3.16 and 1.85, respectively 

in the HEK-293 cell isolates investigated (Lin et al., 2014). The absence of integers means 

the copy numbers are averages, such that the cell population copy numbers varies from cell 

to cell. Five different copies of the CRISPR target region for SENP5 and PCDH7 were found in 

single isolated CRISPR treated lines; suggesting that either the variation in copy number 

was wider than expected, or the isolated lines were heterogeneous. A possible cause of 

mutant cell line heterogeneity may be that the CRISPR/Cas9 system takes longer to mutate 

the target sequences than the processes of antibiotic selection and cell division, leaving 

antibiotic resistant colonies of cells that are initially homogeneous, but become more 

heterogeneous as time passes due to continual CRISPR-mediated mutation. 

Others have reported results of mutations generated with CRISPR/Cas9 that indicate the 

presence of more than two versions of a given target locus in ostensibly clonal cell lines 

(Koch‐Edelmann et al., 2017; Napier et al., 2016; B. Pickard 2018, personal communication, 

27 July). Koch-Edelmann et al., 2017 described a CRISPR treated and clonally isolated cell 

line which had (at least) four different copies of the targeted locus. They used the HeLa cell 

line, which is also aneuploid and is described as genetically stable (Adey et al., 2013). Adey 

et al., 2013 have sequenced the HeLa genome and identified the copy number for different 

genomic regions. The copy number reported for chromosome 5 region 70,612,810-

83,952,451 (where the gene mutated by Koch-Edelmann et al., 2017 (CERT) is located) is 

three (Adey et al., 2013). Analysis of the CRISPR induced mutations described in Napier et 

al., 2016 are limited, as they only published the electropherograms of the CRISPR target 

locus using the wild type electropherogram as a template. The noise in these sequences 

was ascribed to the presence of biallelic mutations and this is believable for two of the 

three targeted genes for which electropherograms are presented. In contrast, the third is 

much noisier, suggesting either contamination or a similar phenomenon to that 

encountered here. Some authors rely on an indirect technique known as the T7 

endonuclease assay to confirm CRISPR-induced mutations (Grobarczyk et al., 2015; Zhou et 

al., 2014) and note that while mosaic colonies are possible, this can be remedied through 

later re-isolation. 

3.5.4. Were the ‘mutants’ functionally mutated? 

Similar levels of SENP5 protein were found in CRISPR KO SEMA3A and CRISPR KO SENP5 cell 

line samples. This was disappointing because the genetic characterisation had indicated the 

presence of harmful (nonsense) mutations. This issue might be explained by a combination 

of factors. The SENP5 alleles presented as S1-3 and S1-5 (Section 3.1.1) may have produced 

protein that could fold sufficiently well such that ubiquitination and proteasomal 

degradation were avoided, and the epitope recognised by the antibody was still present. 

Alternatively, wild type alleles may have been present that did not show up in the PCR 

sampling process. Either of these possibilities could explain the discrepancy between the 

genetic characterisation and the intensity of protein expression if combined with additional 

considerations. Firstly, wild type versions may have been expressed at a higher, 
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compensatory level in heterozygote cells. Secondly, the PCR sampling process used for 

mutation characterisation did not fully represent the ratio of nonsense mutations to mild 

mutations or perhaps the presence of many wild type alleles. Thirdly, severely mutated 

cells in the CRISPR KO pool were compromised and outcompeted through greater 

proliferation by milder mutants between the genetic characterisation and measurement of 

protein expression. Given the resources available, there was a limited ability to analyse the 

infection phenotypes generated by KO of SENP5 or ARID4B. 

The presence of SENP5 or ARID4B protein (whether mutated or not) in the respective 

CRISPR KO cell lines suggest that the mutations are not sufficiently penetrant, or at a high 

enough percentage, to effectively interrogate the respective KO infection phenotypes. 

3.5.5. Summary of the phenotypic characterisation of CRISPR KO cell 
lines 

The LDH activity and bacterial burden results from this chapter are summarised in Table 

3.2. One CRISPR KO line (PCDH7 Line 3) has consistently (across 2 replicate infection 

experiments) reduced STM and S. sonnei burdens at 24 hours post gentamicin maintenance 

addition. Another CRISPR KO line (PRKG1 Line 12) had reduced STM and S. sonnei burdens 

at this time point, though only one experiment for each pathogen was performed. 
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Table 3.2 Summary of infection results using isolated and genetically characterised 
CRISPR KO cell lines. LDH activity or bacterial burden increased (), decreased () or 
stayed the same (=); where not statistically significant but suggestive, the indicated 
direction has a *. Time points for which a comparison is not applicable are listed as NA. 
Experiments were performed using CRISPR KO PRKG1 Line 12 once only. 

Pathogen Assay 
Time point 

(hours) 
Gene of interest 

PCDH7 PRKG1 

STM 

LDH activity 

24 = * 

48  * 

72 = = 

Bacterial burden 

0 = * 

2 = * 

24   

Normalised 
bacterial burden 

0 NA NA 

2 = = 

24  = 

S. sonnei 

Bacterial burden 

0 =  

2 =  

24   

Normalised 
bacterial burden 

0 NA NA 

2 = = 

24   

 

The reduced bacterial burden observed in CRISPR KO line PRKG1 Line 12 was unexpected as 

PRKG1 was identified on the basis of high bacterial burden/GFP expression in the FACS 

analysis of gene trapped cells (Chapter 1, J Yu 2016 personal communication, 3 October). 

One possible theory to explain this apparently reversed effect is the presence of large 

numbers of internal, but non-culturable (dormant) or compromised, GFP-expressing STM 

bacteria within GT mutant PRKG1 cells that drove selection under the original FACS screen 

conditions. Under the conditions of host cell lysis assay, these bacteria would fail to grow, 

therefore not contributing to countable CFU and generating the appearance of infection 

resistant host cells. Similar dormant bacteria are known as ‘persisters’ and have been 

observed in BMDM and fibroblast infection (Helaine et al., 2014, 2010; López-Montero et 

al., 2016). In contrast, ‘compromised’ propidium iodide positive E. coli populations 

(nevertheless expressing GFP) may be generated by treatment with moderate 

concentrations of ethanol (Lehtinen et al., 2004). It may be that in CRISPR KO PRKG1 cells 

some mechanism is contributing to the transformation of growing bacteria into similar 

compromised or persister populations. 

An alternative theory is that clustered PRKG1 GT mutants present in the FACS screen 
appeared to have an artificially high GFP signal due to signals from multiple STM-GFP 
infected cells in the same droplet. Before sorting, cell populations are strained as standard 
practise to remove as many clusters as possible. Additionally, small doublet populations can 
normally be gated out and thus would not be sorted; however, host cell size can depend on 
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the number of intracellular bacteria (Westermann and Vogel, 2018), making doublet gating 
potentially impossible. Furthermore, if samples are particularly clumpy, distinguishing 
doublets from single cells can be difficult. During generation and phenotyping of CRISPR KO 
PRKG1 cells, it was found that these were particularly prone to clustering or clumping; 
therefore, there is a strong possibility that this was the cause for the high GFP signal in the 
initial screen. 

3.5.6. Validated gene PCDH7 

PCDH7 is a protocadherin cell-cell adhesion molecule. It is a membrane protein localised to 

the plasma membrane and cell junctions. Both protocadherins and cadherins are  linked to 

the infectivity of pathogenic organisms and viruses in the literature (Devaux et al., 2019; 

Franklin-Murray et al., 2020; Jangra et al., 2018; Kochi et al., 2019). This is due to their 

action either as sites of entry for pathogens, or as components of tight junctions that 

maintain barriers (gut, blood-brain). PCDH7 membrane localisation means that it is unlikely 

to directly influence the intracellular bacterial burden at later time points. However, CRISPR 

KO PCDH7 Line 2 had lower bacterial burden at 24-hours post gentamicin maintenance 

addition (Figure 3.11). To explain this later effect, indirect mechanisms such as participation 

in signalling pathways may influence burden. PCDH7 is not a well characterised member of 

the protocadherins but other cadherin superfamily members have well-documented roles 

in signalling (e.g. Cadherin-1 in the wnt pathway) see van Roy and Berx (2008) for review. 

Interestingly, the identification of a second cadherin gene is described in Chapter 5. 

3.5.7. Initial invasion protection may affect burden later 

The 0-hour time point described here is approximately 2-hours post inoculation (Figure 

3.11) and 1.5-3 hours post inoculation is frequently used to compare bacterial invasion 

(Edwards and Massey, 2011; Mahmoud et al., 2016a, 2016b; J. Wu et al., 2014). Indeed, it 

has been noted that the amount of intracellular STM replication is trivial in the first 6 hours 

after uptake/ invasion in BMDMs (Helaine et al., 2010). This is mirrored in the almost 

imperceptible changes observed in bacterial burden between 0- and 2- hour time points. 

The reduction in S. sonnei burden in CRISPR KO PRKG1 Line 12 compared to the wild type 

burden at 0-hours post gentamicin maintenance most likely indicates reduced invasion. 

That this reduced burden is maintained at 2- and 24-hours suggests that the S. sonnei in 

CRISPR KO PRKG1 Line 12 failed to catch up to the wild type burden. As both PRKG1 

isoforms are intracellular proteins, this would require interaction or modification of another 

protein. PRKG1 is a serine/threonine protein kinase, so lack of phosphorylation (due to non-

functional PRKG1) on a protein involved in phagocytosis, or bacterial invasion may generate 

such an effect. This analysis fits better with the theory about artificially high GFP signals 

from PRKG1 mutant doublets (described in Section 3.5.1) than the theory about persister- 

or compromised- GFP+ intracellular bacterial populations. 

3.5.8. Cross-species similarities and differences 

The consistent patterns seen in CRISPR KO PRKG1 Line 12 and PCDH7 Line 2 between STM 

and S. sonnei infections suggest host processes or essential features for pathogen survival 

common to both bacteria. Salmonella and Shigella share many molecular features of 
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infection, such as the activation of host cell Ras-related C3 botulinum toxin substrate 1 

(RAC1), resulting in lamellipodia/membrane ruffling, thus, promoting bacterial entry (Bulgin 

et al., 2010; Criss et al., 2001; Friebel et al., 2001; Handa et al., 2007; Ohya et al., 2005; 

Patel and Galán, 2006; Weigele et al., 2017). The conservation of effects across species is an 

encouraging sign for the future generation of a common therapeutic drug. 

3.5.9. Critique of CFU to OD 

The primary aim of the CFU to OD600 correlation generated here was to know the viable 
bacterial concentration at an approximate OD600 of 0.6 (±0.5). This information is required 
to quickly calculate the volume of bacterial culture required to produce a desired MOI. The 
CFU to OD600 correction presented here was determined from dilutions of culture at a 
starting OD600 of 0.9. The correlation between OD600 and CFU should be approximately 
linear during the log phase of growth in the absence of antibiotics if the OD measurements 
are taken within the linear range of the spectrophotometer. Ideally, the bacterial culture 
would have been sampled at a starting OD600 of 0.6, as bacteria (including STM) are known 
to change shape during the transition from log to stationary phase with a corresponding 
change in the OD600-bacterial concentration relationship (Hawkins et al., 2019; Stevenson et 
al., 2016).  Stevenson et al., (2016) state that the change in OD600-concentration gradient 
accelerates as the diameter of the organism nears the wavelength of light used. Stevenson 
et al., (2016) found that the change in gradient for an E. coli culture transitioning between 
mid-log phase and early stationary phase was quite small. STM rods during stationary phase 
are 3.5-5 times longer than the wavelength (600 nm) used to measure the OD (González-
Pérez et al., 2019) and the reduction in rod length between phases is a reported to be ~20% 
of the total length (Hawkins et al., 2019). An equation and the associated CFU to OD600 
values generated from STM stationary culture in another laboratory is provided (Table 3.3) 
for comparison (González-Pérez et al., 2019). The differences in path length of the 
spectrophotometer used will change the OD600-concentration as well as the difference in 
growth phase, nevertheless, both equations generate CFU of the same order of magnitude 
at the same OD values. Together, these factors indicate that a change in the OD600 - 
concentration relationship due to changes in shape between an OD600 of 0.6 and 0.9 is small 
enough that the equation developed here (Figure 3.13) will suffice. 

Table 3.3 Side by side comparison of predicted STM numbers from an initial OD reading is 
largely the same for my equation and that produced by Gonzalez et al. Comparison of STM 
CFU generated from an equation developed by (González-Pérez et al., 2019) 
(Y = (6.895 × 108) X – 0.319 × 106) and an equivalent equation developed here (presented in 
Figure 2.8 and Figure 3.13) across a range of OD600 values. 

OD600 
González-Pérez et al. (2019) My STM equation 

CFU /mL CFU /mL 

0.3 2.07E+08 2.07E+08 

0.4 2.75E+08 3.16E+08 

0.5 3.44E+08 4.26E+08 

0.6 4.13E+08 5.36E+08 

0.7 4.82E+08 6.46E+08 

0.8 5.51E+08 7.56E+08 

0.9 6.20E+08 8.65E+08 

1 6.89E+08 9.75E+08 
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3.5.10. Critique of the LDH assay 

The original method of selection for 4 of the 5 candidate genes was based on infection 

survival; therefore, the increase in LDH, as a proxy for increased cytotoxicity, with STM 

infection observed in CRISPR KO SENP5 Line 3 and PCDH7 Line 2 was unexpected. One 

explanation may be that LDH activity is only a proxy for certain types of cell death that 

include membrane permeability, as the LDH needs to move into the media to generate a 

change in the concentration of coloured formazan product. Plasma membrane 

permeabilisation, and thus LDH diffusion, occur during necroptosis and pyroptosis, but not 

apoptosis. Pyroptosis appears to be the dominant form of Salmonella generated epithelial 

cell death in vivo (Knodler et al., 2010; Rauch et al., 2017), but uninfected epithelial cells 

within the infected host demonstrate characteristics of apoptosis (Knodler et al., 2010). 

Furthermore, low levels of apoptosis were found in colon cross-sections from attenuated 

STM-infected mice; whereas mice infected with wild type STM (with increased replicative 

capacity) had increased colonic epithelial extrusion and inflammation (Hefele et al., 2018). 

Thus, some protective effects against host cell death (e.g. apoptosis) would be ‘invisible’ to 

the assay. An alternative explanation for conflicting results could be that an increase in STM 

death, rather than host death, is contributing to the assay readout: a STM protein (L-lactate 

dehydrogenase) is predicted to have LDH activity based on homology (identified on Uniprot 

https://www.uniprot.org/) (McClelland et al., 2001; The Uniprot Consortium, 2019). 

Countering this, several authors have used LDH activity as a proxy to measure host cell 

death during STM infection (Shuai-Cheng et al., 2016; Volf et al., 2010; L. Wang et al., 2019; 

Wu et al., 2018). Considering the alternatives available (see Section 3.4.2), this option was 

the most appropriate; given further time, more method optimisation could have been 

performed as well as further investigation of the phenotype. 

3.5.11. Critique of the bacterial burden assay 

The final protocol (see Chapter 2) was arrived at through collaboration with colleagues at 

DSTL, Porton Down and the need to adjust for the aberrant growth of some mutant cell 

lines (e.g. CRISPR KO PRKG1 Lines). A baseline time point (0-hours post gentamicin 

maintenance addition) was chosen for the purposes of normalisation, though in reality, this 

is approximately 2-hours post inoculation (Figure 3.11). 

The gentamicin concentration was reduced to a maintenance concentration after 1 hour to 

reduce the chances of gentamicin exposure to intracellular bacteria. Additionally, host cells 

were only washed once immediately prior to lysis to avoid washing off loosely adhered 

cells. Both of these factors may result in greater numbers of extracellular bacteria (due to 

less thorough washing and antibacterial activity) compared to some literature protocols 

(Knodler et al., 2010; Mahmoud et al., 2016b; J. Wu et al., 2014). The use of these tools to 

promote a suitable assay for assessment of differences in intracellular bacterial growth is a 

balancing act as disadvantages are likely for each extreme. The caveats described for the 

infection protocol used here are more likely to obscure invasion resistant host phenotypes 

due to a background level of (extracellular) bacterial growth. Additionally, the CFU readout 

is averaged across all cells per well, which would obscure potential variation in phenotype 

inherent in likely heterogeneous CRISPR KO lines. Despite the reduced sensitivity to detect 
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invasion resistant phenotypes, a potential invasion resistant host cell line has been 

identified (CRISPR KO PRKG1 Line 12), indicating that the real effect on burden may be 

greater. 

3.5.12. Problems with the CRISPR sham (SEMA3A KO) control 

The CRISPR KO SEMA3A pool produced lower levels of bacterial burden than HEK-293 wild 

type cells in many STM infections and all S. sonnei infections performed. Slightly reduced 

differences in the phenotype under study between CRISPR controls and CRISPR KOs 

compared to wild type cells may be expected; but the consistent extremely low bacterial 

burden seen in S. sonnei infection is unusual for a control. The gene SEMA3A was chosen 

because of its known ‘irrelevant’ neuronal function. However, after subsequent literature 

research, it was found that  wild type SEMA3A promotes apoptosis in multiple cell types 

(Birger et al., 2018; B. Huang et al., 2018; Rienks et al., 2017; Tian et al., 2018; Wehner et 

al., 2016) whereas its deletion causes cell death in others (Birger et al., 2018). SEMA3A was 

not expected to be expressed in HEK-293 cell lines, but low levels of the transcript have 

been reported in HEK-293 (https://www.proteinatlas.org/ENSG00000075213-SEMA3A, 

available from v20.0.proteinatlas.org)(Thul et al., 2017). Perhaps the deletion of SEMA3A 

makes HEK-293 cells more susceptible to cell death. If greater numbers of dead host cells 

were lost during media changes or washes, this could result in a concomitant greater loss of 

bacteria, artificially reducing the CFU count. Some low-level monolayer loss was observed 

in some wells prior to host cell lysis, but it seems unlikely that this is the cause for the 

difference in S. sonnei bacterial burden. 

Perhaps SEMA3A is serendipitously involved in the promotion of cellular S. sonnei infection. 

Interestingly, further literature research unearthed a receptor for the agonist ligand 

sema3a in mice, plexin-A4, that is involved in bacteria-induced cytokine responses through 

Rac1 activation (Wen et al., 2010). RAC1, a small GTPase, is activated by Salmonella and 

Shigella effector proteins (e.g. Guanine nucleotide exchange factor SopE (SopE) in 

Salmonella infection and IpgB1 in Shigella infection) which in turn causes 

lamellipodia/membrane ruffling, thus, promoting bacterial entry (Bulgin et al., 2010; Criss 

et al., 2001; Friebel et al., 2001; Ohya et al., 2005; Patel and Galán, 2006; Rudolph et al., 

1999; Weigele et al., 2017). Thus, perhaps the lack of SEMA3A protein in the HEK-293 

CRISPR control reduces the activation of RAC1, resulting in reduced membrane ruffling and 

pathogen entry, which would explain the reduced CFU.  

This method of control was chosen as all aspects of the intervention are controlled for – 

ectopic Cas9 and antibiotic resistance gene expression, as well as Cas9 targeting activity. 

Another potential cause of the unusual CRISPR KO sham control responses is activation of 

the p53 pathway in response to Cas9 overexpression or sgRNA directed activity, a 

connection that has recently been explored by multiple groups (Enache et al., 2020; 

Haapaniemi et al., 2018; Ihry et al., 2018; Schiroli et al., 2019). Indeed, Shigella flexneri 

instigates p53 degradation, an activity essential for maintenance of the intracellular 

epithelial niche through the prevention of host cell death (Bergounioux et al., 2012). In 

contrast, STM infection activates p53 (Wu et al., 2010), which promotes STM proliferation 

in vitro (T. Huang et al., 2018) and increases host susceptibility to the infection in vivo (Khan 

et al., 2012). The difference in pathogen responses to p53 suggest that p53 activation is 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

Page | 114  
 

either not a major factor, or simply one of multiple factors, affecting the phenotype of the 

CRISPR KO ‘sham’ control. Another CRISPR control instead lacking a functional sgRNA 

responded comparably to wild type HEK-293 cells in STM and Shigella infections (data not 

shown) – indeed, Enache et al., (2020) notes that undirected Cas9 nuclease activity may 

induce less p53 activation. Unfortunately, this CRISPR control demonstrated other 

persistent undesirable behaviours. 

3.5.13. Future work 

3.5.13.1. Creation of a better CRISPR control 

Infection experiments involving F. tularensis Schu S4 (a Biosafety level 3 pathogen) were 

planned by collaborators at DSTL, Porton Down with promising CRISPR KO cell lines (such as 

PRKG1 Line 12 and PCDH7 Line 2); but the CRISPR sham control SEMA3A KO performed 

poorly during infection with STM and S. sonnei. A new alternative (and effective) CRISPR 

control population will be required before high cost experiments involving Biosafety level 3 

pathogens can be performed. A potential solution could be to create new CRISPR KO lines 

as well as a control through stable sgRNA expression but transient Cas9 expression (or even 

electroporation of the Cas9 ribonuclease) – e.g. Liang et al., (2015) and Hultquist et al., 

(2016). 

3.5.13.2. Clarification and further empirical analysis of infection phenotypes 

The genetic complexity of the CRISPR generated ‘KO’ lines may have made analysis of the 

effect of KO mutation on the infection phenotype difficult but combining these results with 

the following suggested approaches might clarify the interpretation of the mutant 

phenotypes. 

More clonal CRISPR mutant populations could potentially be re-isolated from the CRISPR 

KO PCDH7 and PRKG1 lines described here to heighten functional changes. A variety of 

isolation strategies are commonly used, some of which are purported to avoid 

contamination of isolates with other lines (such as limiting dilution, or use of clonal rings, 

discs or low-melting agarose). Limiting dilution has previously been reported to cause 

changes in gene expression (Casden and Behar, 2019) which could affect phenotyping 

assays. Casden and Behar (2019) suggest co-plating highly diluted CRISPR treated cells 

containing an antibiotic selection marker with wild type cells lacking the selection marker to 

help CRISPR mutants of interest grow. This method requires a selection marker to which 

recipient cells are highly susceptible. Unfortunately, a small number of HEK-293 wild type 

cells used as selection controls were able to outlast G418 antibiotic selection at an 

optimised concentration. 

Analysis of host cell death by LDH activity alone has produced interesting, though 

inconclusive results; therefore, additional methods of interrogating the host cell death 

phenotype of the CRISPR KO lines during infection is suggested. A cell death marker could 

be used to assess CRISPR KO cell lines infected with GFP expressing STM at different time 

points and visualised by microscopy. The number of dead cells as a proportion of total cells 

(both an average number pre-infection and the number of cells at the time point) could be 

enumerated and the bystander vs infected population death could be inferred. A less 

labour-intensive option is also possible: HEK-293 wild type cells (internal control) could be 
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co-plated with CRISPR KO cell lines before infecting with STM, before staining with anti-

Cas9 antibody (which would stain CRISPR KO cells) to visually identify a difference in 

population survival at multiple time points. A more quantitative (though also more 

expensive) method would be to infect HEK-293 CRISPR KO cell lines as well as appropriate 

controls with GFP expressing STM before measuring apoptosis (annexin-V) and membrane-

permeabilising forms of cell death on a flow cytometer at different time points, as a means 

to dissect out the possible forms of death. 

It has previously been noted that the CRISPR KO PRKG1 cell lines had a slower proliferation 

rate and the cells are prone to clustering. As the output of the bacterial burden assay relies 

on an averaged bacterial burden per well, assumptions must be made about the number of 

host cells present. Substantial effort has been made to control for this – including the use of 

confluent monolayers during the assay; nevertheless an alternative method of counting 

intracellular bacteria could provide additional evidence to support the identified 

phenotype. 

The genetic validation of these gene hits have been performed with a single sgRNA 

sequence per gene; but the transfection of further sgRNAs to target different sites within 

the same genes into HEK-293 cells would greatly enhance the evidence for gene-phenotype 

relationships. To understand the applicability of these KO(s) in other (more infection 

relevant) cell types, KO(s) should be generated in well characterised epithelial lines derived 

from the small intestine or colon for use in infection studies. To understand the connection 

between mutation and phenotype the underlying molecular mechanisms must be 

characterised. To determine if the infection phenotype has relevance at a system or 

organismal level, in vivo characterisation of the KO(s) in infection must be performed. 

3.5.13.3. Generation of new CRISPR KO SENP5 and ARID4B cell lines for validation of 
infection phenotypes 

Transfection of HEK-293 cells with plasmids encoding Cas9 and sgRNAs targeting SENP5 or 

ARID4B generated genetic mutations in the respective genes but failed to generate 

complete KO cell lines. Creation of more complete KO cell lines should be performed in 

order to validate the infection phenotype identified in the HEK-293 GT infection survival 

screen described in Chapter 1. Creation of these KO cell lines should incorporate multiple 

sgRNAs targeting different exons per gene (as described above) to enhance the effect of the 

mutations. 

3.5.14. Conclusion and rationale for work described in the next 
chapter 

The aims of the current chapter were to generate independent KO mutants for genes 

(SENP5, PCDH7, PSMA1, ARID4B and PRKG1) identified from the HEK-293 screens, as well as 

for a further gene (CFTR) identified through bioinformatics analysis; and use those to 

validate the infection phenotype. In Chapter 1, a host infection response network 

composed of the above gene products was proposed based on the screen results and loose 

connections from the literature. A further hypothesis was that infection phenotypes 

observed in the HEK-293 GT survival and FACS screens could be independently 

corroborated using CRISPR KOs of the identified genes in the same genetic background. 
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Despite the complexity of the analysis, the data presented here indicates that mutating 

PCDH7 promotes HEK-293 cell resistance to infection by both STM and S. sonnei.  

As a plasma membrane protein, PCDH7 might be expected to exert an effect on bacterial 

adhesion or entry; indeed, other cadherin superfamily proteins function in this manner 

(Everman et al., 2019; Kochi et al., 2019; Li et al., 2016; Pizarro-Cerdá and Cossart, 2006; 

Sousa et al., 2007; Watters and Palmenberg, 2018). However, the bacterial burden data 

presented here indicate that the PCDH7 KO may be most important at time points later 

than 2 hours post gentamicin maintenance addition, thus perhaps it is involved in a 

signalling pathway that has a downstream effect. In contrast, CRISPR KO PRKG1 lines 

appear to proliferate at a slower rate and Line 12 showed a bacterial burden phenotype 

counter to that expected based on the initial screen. The difference in burden of culturable 

bacterial cells found in Line 12 compared to the wild type host is sufficiently great so as to 

compensate for reduced host proliferation. The contrast between the original GFP-screen 

and CFU count-CRISPR phenotype may also be explained; either that GFP+ non-culturable 

bacterial populations made up the difference, or that the prone-to-cluster nature of the 

PRKG1 KO mutant resulted in their appearance in the high GFP gate. The combination of 

these technical and biological complications, together with the lack of biological replicates, 

means that further evidence is required for confirmation of infection resistance through 

PRKG1 mechanisms. 

Due to technical and time constraints, suitable CRISPR KO cell lines for ARID4B, SENP5, 

PSMA1 and CFTR were not identified, so the respective infection phenotypes indicated in 

the HEK-293 screens still await independent empirical investigation. Amplification of the 

loci around the respective CRISPR target sites for ARID4B and CFTR failed to produce 

genuine amplification products (data not shown). The cloning and sequencing for the 

CRISPR targeted loci of SENP5 and PSMA1 indicated that the cell isolates chosen did not 

have sufficient mutation penetrance (Section 3.3, data not shown). Work to investigate 

further cell isolates for mutations was de-prioritised due to time constraints on the project. 

In both of the initial screens (high GFP/STM-containing host cells selected by FACS, and 

infection survival), the identification of novel genes of interest relied on successive rounds 

to remove background effects. Without an uninfected control population taken through the 

same processes, it is impossible to know if selection pressures (such as proliferation rate) in 

addition to the infection were responsible for some of the identified genes. These screens 

could have been more physiologically relevant if primary cells (or a cell line) of the same 

type and from the same tissue or organ as those normally infected in vivo were used. For 

example, HEK-293 cells do not express many of the PRRs found in colonic epithelial cells 

that could recognise Salmonella, therefore the signalling pathways initiated in HEK-293 cells 

upon infection would likely be quite different. Additionally, HEK-293 cells were not 

characterised prior to immortalisation, making cell type specific observations impossible. 

Indeed, evidence supporting renal progenitor (Ashokkumar et al., 2006; Cusick et al., 2010), 

neuronal (Shaw et al., 2002) and adrenal gland (Lin et al., 2014) origins have been found 

(Stepanenko and Dmitrenko, 2015). Furthermore, few studies of Salmonella infection have 

used HEK-293. These factors make troubleshooting difficult. 
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With these confounding issues in mind, a cell line more relevant to intracellular bacterial 

infection was adopted for use in two future infection screens described in Chapter 5. These 

screens also allowed a more objective analysis due to the parallel use of an uninfected 

control population, as well as the quantitative assessment of the full set of library gene 

mutations within each population. 

In conclusion, the hypothesised host infection response network described in Chapter 1 

remains to be fully tested, but the results described in this chapter are promising.
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Chapter 4 
The development of a macrophage-

like gene trap library and its screening 
with two species of bacteria 
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4. CONSTRUCTION, DIFFERENTIATION, AND 
SCREENING OF A GENE TRAP LIBRARY IN U937 
MACROPHAGE-LIKE CELLS 

The previous chapters identified and validated a number of genes that affect the growth of 

intracellular bacteria in HEK-293 cells. The screening method employed iterative rounds of 

infection and recovery (using penicillin/streptomycin antibiotic treatment) of those 

surviving cells containing gene traps (GTs) which conferred resistance to bacterial infection. 

This approach had strengths, such as the power to substantially purify genuine resistance 

mutants, but it also had limitations. The primary limitation was the use of a manual RACE-

PCR/gene cloning protocol that could only isolate and identify a few mutated genes in total 

– and it was not possible to estimate the how strong the survival advantage conferred by 

each mutation was (in comparison to other mutations). A second limitation was the choice 

of a human embryonic kidney cell line, HEK-293, as a model for infection. While technically 

amenable to genetic manipulation, this line may not represent the most immunologically 

relevant infection model. While intracellular bacteria are often capable of infecting a 

multitude of host cells, there may be greater, and more relevant, biological information to 

be gained from the screening of professional immune cells such as macrophages. STM is 

known to infect epithelial cells (Rauch et al., 2017), fibroblasts (López-Montero et al., 2016), 

macrophages (using them as a replicative pathogenic niche) and dendritic cells (Kiama et 

al., 2006) - a range of cellular targets that has been recently reviewed by Hume et al., 

(2017). STM is a widespread human-infective pathogen and has potential as a bioterror 

agent. F. tularensis Schu S4, another potential and highly pathogenic bioterror terror threat 

which can cause a lethal pulmonary infection (Adalja et al., 2015), is capable of infecting a 

range of non-phagocytic (e.g. epithelial) cells and phagocytic cells including dendritic cells 

and macrophages (macrophages are also the preferred replicative niche) (Celli and Zahrt, 

2013; Hall et al., 2008, 2007). F. tularensis LVS (a biosafety level (BSL) 2 pathogen) is 

commonly used as a model for F. tularensis Schu S4 (BSL 3). 

The studies described in this chapter aim to identify genes that affect the growth and, or, 

survival of these two species of bacteria in macrophages. To facilitate this, a neoplastic, 

histiocytic cell line, U937, was chosen as a cellular model. Although these cells are cultured 

and archived as proliferating monocytes, previous studies have found that they can be 

effectively differentiated into ‘macrophage-like’ cells in vitro (Chanput et al., 2015). 

However, the exact protocol for differentiation varies from publication to publication, as 

does the extent and phenotype of the cells produced. Gene trapping of a cell line rather 

than primary immune cells, such as human blood monocyte-derived macrophages, was 

pursued for two reasons. Firstly, non-proliferating human monocytes or monocyte-derived 

macrophages (MDMs) would not be amenable to making a multi-use GT library. This is an 

important consideration because multiple screens with 2 different pathogens taking place 

over 2 geographical sites were planned – a single library would be ideal to provide 

consistency and comparability across the screens. Secondly, the effective use of transient 

RNAi knock-down screens as an alternative is extremely labour- and time-intensive, as well 
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as requiring the use of advanced computational tools to remove off-target, sequence-

specific effects from the analysis (Québatte and Dehio, 2017). The use of U937 cells solves 

these problems – our strategy was to transfect the monocyte cell line in suspension culture 

with the GT construct, select and amplify that library, and then later differentiate identical 

aliquots into ‘macrophage-like’ cells for multiple rounds of analysis. It was also originally 

envisaged that we could ‘retrodifferentiate’ U937 macrophage-like cells in order to multiply 

surviving cells after an infection screen – this would permit iterative rounds of selection. 

This final aim proved not to be possible, however. 

The specific practical aims of the work described in this chapter are to: (i) refine a method 

for differentiating U937 cells into macrophages, (ii) construct a GT library in U937 cells, (iii) 

differentiate the library into macrophages and infect these, separately, with 2 bacterial 

pathogens to select resistant cells and (iv) determine which GT mutations are over- or 

underrepresented in the population of cells post-infection using next generation 

sequencing. 

4.1. Creation of a differentiation protocol for the U937 cell line 
to generate macrophage-like adherent cells 

U937 cells are a human monocyte derived-cell line that can be differentiated into cells with 

macrophage-like characteristics with appropriate drug treatments. A variety of 

differentiation drugs, drug concentrations and timelines have been documented in the 

literature, but the characterisation of the outcomes are varied and difficult to compare. 

Additionally, a large proportion of the literature focuses on THP-1 cells (another ‘monocyte-

like’ cell line derived from monocytic leukaemia) (Chanput et al., 2014); so it is not clear 

how well these protocols would translate to U937 cells. To create the most physiologically 

relevant cellular model for screening purposes, it was necessary to perfect the treatment 

process such that large numbers of macrophage-like cells could be generated from the 

library prior to screening. 

In pursuit of a suitable differentiated protocol, three different strategies were assessed (see 

Appendix A for Strategies #1 and #2, Strategy #3 is described in Section 4.1.1). From a 

technical standpoint, it was decided that Strategies #1 and #2 were unsuitable for use in 

infection discovery screens, due to the low number of cells with morphologies of interest. 

4.1.1. Differentiation Strategy #3 

Differentiation combinations of three drugs (PMA, VD3, All-trans-retinoic acid (ATRA)) have 

been previously investigated and applied by others e.g. (Daigneault et al., 2010; Valdés 

López and Urcuqui-Inchima, 2018), so combinations of these were tested. As most of the 

changes in the single-drug experiment were observed with PMA treatment, further drug 

treatments focused on combinations involving PMA. In double-drug combination 

treatments, the highest concentrations of VD3 (0.8 µM) and ATRA (1 µM) from the previous 

experiment were each used in combination with PMA. Lower concentrations of all three 

drugs were combined as a drug cocktail (as well as the highest concentrations) to compare 

toxicity and desired effects on cells. 
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Cell population density was another factor that potentially hindered the acquisition of good 

micrographs during differentiation strategy #2 (  
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Figure A.4, Figure A.5). Monocyte seeding densities for macrophage differentiation vary 

substantially in the literature, but lower seeding densities are often used together with 

protocols designed to generate more homogeneous cell culture morphology with longer 

filopodia (Jin and Kruth, 2016) or bigger flattened ‘pancake’ shapes (Seo et al., 2015), 

perhaps due to the lack of contact inhibition. Sulahian et al., (2008) also note that higher 

cell densities reduce human monocyte derived macrophage (MDM) size. Therefore, in 

Strategy #3, cells were seeded at 5 x 104/well in 6 well plates to obtain both better 

micrographs and potentially larger cells. The cells were treated with the following drug 

combinations at both 3% and 10% FCS; 0.2 µM PMA with 0.8 µM VD3, 0.2 µM PMA with 1 

µM ATRA, 0.1 µM PMA with 0.4 µM VD3 and 0.5 µM ATRA and, finally, 0.2 µM PMA with 

0.8 µM VD3 and 1 µM ATRA for 3 days. By day 3, large flattened adherent cells were 

already present in 0.2 µM PMA with 0.8 µM VD3 treated wells (data not shown). Small 

round adherent cells were found in clusters in all wells of treatment combinations 

containing ATRA. Subsequently, the media was replaced with fresh media without drugs for 

the resting phase before imaging 2 days later (Figure 4.1 and Figure 4.2). All combinations 

containing PMA and ATRA produced a common cell phenotype; circular in shape, except for 

a tight frilly border that was highly light-scattering, frequent clustering, and adherence to 

the plastic. Upon adjusting the focal plane to focus on the cell edges, the highly light 

scattering border was found to result from membrane blebbing, characteristic of apoptosis 

- see D’Arcy (2019) for a review of cell death. Combined 0.2 µM PMA and 0.8 µM VD3 

treatment at 10% FCS (Figure 4.2) produced morphologies (elongated or ‘pancake’ shaped 

cells, some with filopodia) similar to those produced with 0.2 µM PMA plus resting period in 

previous differentiation strategies (Figure A.2 and Figure A.5), but cells had a larger main 

body, were flatter, and some had longer filopodia. Overall, these features appeared in 

much greater proportions than in previous differentiation strategies. A few highly light-

scattering (likely apoptotic) cells like those produced by PMA and ATRA treatment were 

also found in PMA and VD3 treated wells. Differentiation treatments performed at 3% FCS 

(data not shown) produced very similar results to those at 10% FCS but resulted in fewer 

cells overall so, as before, further experiments were performed in 10% FCS. 

The work described here allowed us to define the optimal differentiation conditions as a 1.6 

x 104 cells /cm2 seeding density with 0.2 µM PMA, 0.8 µM VD3 treatment for 3 days (day 0-

3) before resting in differentiation drug free media for a further 3 days (day 3-6) after which 

cells were ready for experimental use (timeline in Figure 2.5). This differentiation protocol 

(#3) is hereafter referred to as the ‘differentiation drug-cocktail’ protocol. 
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Figure 4.1 Differentiation strategies including ATRA in combination with PMA with or 
without VD3 result in what appears to be apoptotic cell death.  Differentiation strategy 
#3: U937 cells were seeded at 5 x 104/well in 6 well plates and treated with the following 
combinations at 10% FCS; A: untreated, B: 0.2 µM PMA with 1 µM ATRA, C: 0.2 µM PMA 
with 0.8 µM VD3 and 1 µM ATRA as well as D: 0.1 µM PMA with 0.4 µM VD3 and 0.5 µM 
ATRA for 3 days. Subsequently the media was replaced with fresh media without drugs 
before imaging by bright field microscopy 2 days later. Experiment performed once. 

  



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

Page | 124  
 

 

Figure 4.2 Combined PMA and VD3 treatment enhances differentiation as assessed by 
substantial morphological changes. Differentiation strategy #3: U937 cells were seeded at 5 
x 104/well in 6 well plates and treated with the following combinations at 10% FCS; 0.2 µM 
PMA and 0.8 µM VD3 for 3 days. A, B and C show different fields of view of the same 
conditions. Subsequently the media was replaced with fresh media without drugs before 
imaging by bright field microscopy 2 days later. This differentiation protocol has been 
repeated approximately 50 times with consistent results. 

 

4.1.2. Can macrophage-like cells be “retrodifferentiated”? 

Retrodifferentiation, whereby previously differentiated cells are returned to monocyte-like 

suspension culture and regain proliferative activity, has previously been reported in the 

literature (Bertram et al., 2008; Hass et al., 1990; Meinhardt and Hass, 1995; Okada et al., 

1995; Selle et al., 2007). Differentiated U937 cells do not proliferate, thus the ability to 

retrodifferentiate them would aid the discovery screen process. We hypothesised that 

differentiated cells surviving the infection process could be retrodifferentiated, amplified, 
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and archived for subsequent use. Iterative rounds of differentiation, selection by infection, 

and retrodifferentiation would therefore be achievable, allowing mutation effects to be 

clearly distinguished from stochastic ‘noise’. 

To assess the potential for retrodifferentiation, U937 cells were first treated with PMA 

following the differentiation strategy #2 timeline in Figure A.3A. Briefly, U937 cells were 

seeded at 5 x 105/ well and treated with 0.1, 0.2, 0.25 µM PMA for 7 days, before resting in 

drug free media for a further 7 days to complete the differentiation. Cells were then 

encouraged to retrodifferentiate, Figure A.3B, by washing and resting them in PMA-free 

culture media with 20% or 10% FCS on day 17. Higher FCS concentrations (e.g. 20%) often 

promote proliferation. By day 27, all the cells were circular, were more abundant, and were 

on the same focal plane as untreated cells in control wells (indicating detachment). On day 

33 the wells were washed several times to retrieve any cells in suspension for counting as 

an indication of proliferative state – comparison to the number seeded (Table 4.1). 

Micrographs were taken (Figure 4.3) of cells remaining in the wells. Very few cells 

(approximately 3-5 cells/ well) remained in 0.1 µM PMA wells after washing, regardless of 

FCS concentration. Many adherent cells remained in the 0.25 µM PMA well with 10% FCS; 

demonstrating that at higher PMA concentrations, cells take longer to retrodifferentiate, or 

that fewer cells do so. Though similar numbers of adherent cells were seen in the wells at 

0.2 and 0.25 µM PMA at 20% FCS, the number of resuspended cells from 0.2 µM PMA 

(Table 4.1) was roughly twice the number from 0.25 µM PMA; indicating an increased 

ability to retrodifferentiate only at lower concentrations of PMA. Retrodifferentiation was 

also tested in full drug cocktail differentiated cells, but no cells reverted to suspension (data 

not shown); therefore, retrodifferentiation was found not to be a viable strategy in 

combination with the chosen differentiation protocol and a new screening strategy was 

required.  

 

Table 4.1 Attempts to retrodifferentiate macrophage-like cells after PMA treatment: 
differentiation drug and FCS concentrations influence the number of cells that return to 
suspension. The timeline for differentiation strategy #2 was followed (Figure A.3A and B) 
with the additional features specific to retrodifferentiation Figure A.3C). U937 cells were 
seeded at 5 x 105/ well in a 24 well plate and treated with 0.1, 0.2, or 0.25 µM PMA for 7 
days before replacing with media without PMA. On day 17, the wells were thoroughly 
washed to resuspend any unattached cells. The media in one well for each concentration of 
PMA was replaced with 20% FCS and the remaining well per PMA concentration was 
maintained in 10% FCS. On day 33 the wells were washed several times to bring any 
detached cells back into the medium for counting. This experiment was performed once on 
PMA differentiated cells. 

Resuspended detached U937 cells 
Day 17 FCS 

concentration 
0.1 µM PMA 0.2 µM PMA 0.25 µM PMA 

10% 15.5 x 105 2.58 x 105 2.52 x 105 

20% 24.6 x 105 14.3 x 105 7.33 x 105 
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Figure 4.3 FCS concentration increases U937 cell detachment after PMA treatment, 
though this was limited at desired PMA concentrations. Differentiation strategy #2: U937 
cells were seeded at 5 x 105/ well in a 24 well plate and treated with 0.1, 0.2, or 0.25 µM 
PMA for 7 days before replacing the media without PMA. On day 17, the wells were 
thoroughly washed to resuspend any unattached cells. The media in one well for each 
concentration of PMA was replaced with 20% FCS and the remaining wells were maintained 
in 10% FCS. On day 33 the wells were washed several times to remove any detached cells 
and bright field micrographs were taken of what remained. This experiment was performed 
once on PMA differentiated cells. 
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4.2.  Characterisation of the differentiated U937 macrophage-
like cell phenotype 

4.2.1. Cell surface markers 

To further characterise the nature of the differentiation of U937 cells using the 

‘differentiation drug-cocktail’ and compare it to PMA treatment, an appropriate cell surface 

marker was required for use in flow cytometry. Multiple markers are used to distinguish 

between immune cell types ex vivo. The literature on U937 differentiation markers is 

conflicting, but CD11b was chosen because it appears to be the only marker showing 

increased cell surface expression with each of the drugs (Babina and Henz, 2003; Jensen 

Holly A. et al., 2015; Rahmani and Grant, 2002; Xiang et al., 2016; Yang et al., 2013; Zhang 

et al., 2008). Furthermore, CD11b is seen as a general differentiation marker, not specific to 

any immune cell type (Fang et al., 2017; Lu and Pitha, 2001; Xuening Wang et al., 2014).  

U937 cells were seeded at 1.6 x 104 cells/ cm2 treated with 0.2 µM PMA or 0.2 µM PMA and 

0.8 µM VitD3 (cocktail) or left untreated on day 0, before washing and feeding with 

differentiation-drug free media on day 3 and assessing by flow cytometry on day 6 (timeline 

in Figure 2.3). Cells were prepared for flow cytometry as described in Materials and 

Methods (Chapter 2), stained with CD11b, an isotype, or left unstained. The proportion of 

CD11b+ cells as a percentage of live cells (gating strategy in Figure 2.4) is presented in 

Figure 4.4. PMA treatment alone failed to produce more CD11b+ cells than the 

unstimulated population at this time point. The VD3 and PMA treated population had 

significantly more CD11b+ cells than unstimulated cells or PMA treated cells, confirming its 

improved potential as a method for generating U937 macrophage-like cells.  
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Figure 4.4 The differentiation drug-cocktail treatment causes increased CD11b surface 
expression of U937 cells. CD11b+ U937 cells as a percentage of live cells. U937 cells were 
treated with 0.2 µM Phorbol 12-myristate-13-acetate (PMA), 0.8 µM 1,25-dihydroxyvitamin 
D3 (VD3) in combination with 0.2 µM PMA (VD3 & PMA), for 3 days before culturing for a 
further 3 days in drug-free media. On day 6, cells were tested by flow cytometry for CD11b 
surface expression. The height of the bars represents the mean of 3 replicate flasks and the 
error bar represents the standard deviation. The experiment was performed once. The data 
was analysed by one-way ANOVA and multiple comparisons were made with Tukey’s 
multiple comparisons test between each treatment. Ns stands for not significant, **** 
refers to p ≤ 0.0001 compared to unstimulated cells and #### refers to p ≤ 0.0001 compared 
to PMA treated cells. 
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4.2.2. Bacterial phagocytosis 

In addition to characterisation of cell surface marker expression, the ability of these cells to 

phagocytose bacteria was assessed. Bacterial phagocytosis is an important feature of 

bacterial-macrophage interaction in vivo, and the method of bacterial entry (e.g. through a 

T3SS or host initiated uptake) influences downstream intracellular interactions (Drecktrah 

et al., 2006; Lathrop et al., 2015). Therefore, a macrophage model that can phagocytose 

bacteria would be more physiologically relevant. The bacteria planned for use in the 

screening assay (S. sonnei, STM, and F. tularensis LVS) can all actively invade human cells. 

To distinguish host-mediated uptake from bacterial invasion, a non-invasive Escherichia coli 

strain (DH5α) was used. Drug-cocktail treated U937 cells were exposed to E. coli K12 strain 

DH5α on day 6 post-drug treatment and imaged live by brightfield microscopy (Figure 4.5) 

or fixed with PFA for 15 minutes, washed with PBS and stained with mouse anti-α-tubulin, 

anti-mouse Alexa Fluor 488 and 4',6-diamidino-2-phenylindole (DAPI). The images in Figure 

4.5 show a variety of macrophage-like U937 cell morphologies colocalised with E. coli, some 

of which have been digitally zoomed to highlight cells of interest. It is impossible in these 

images to determine whether the E. coli colocalised with the U937 cells are inside the cell 

or simply attached to the cell surface. Therefore, the fixed cells were imaged as a z stack on 

a confocal microscope, selected slices of which are presented (Figure 4.6). Based on these 

images, it is clear that the bacteria (visible as small DAPI stained rods in B, C, D and E) are 

within the cell (cell structure is stained green) and, thus, phagocytosis is occurring. 
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Figure 4.5 Escherichia coli DH5α bacteria colocalise with heterogeneous U937 
differentiation drug-cocktail treated cells. Drug cocktail treated U937 (as described in 
differentiation strategy #3) exposed to E. coli K12 strain DH5α on day 6 post-drug 
treatment. Micrographs taken by brightfield microscopy, example U937 cells displaying 
morphological changes and co-localising with bacteria (orange boxed area) have been 
digitally magnified (right). The experiment was performed once. 
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Figure 4.6 Z-Stack: Non-invasive E. coli are actively internalised by drug-cocktail 
differentiated U937 cells. Differentiation drug-cocktail treated U937 cells (as described in 
differentiation strategy #3) exposed to non-invasive E. coli K12 DH5α 6 days post-drug 
treatment. Cells were fixed with ice-cold PFA for 15 minutes, washed with PBS and stained 
with mouse anti-α-tubulin, anti-mouse Alexa Fluor 488 and 4',6-diamidino-2-phenylindole 
(DAPI). A-F Selected images from confocal z stack composed of 15 slices (slice 3, A; 5, B; 6, C; 
9, D; 11, E; 14, F) of differentiated U937 cells colocalised with E. coli (DAPI-stained rods), 
1575x. The experiment was performed once. 

 

4.2.2.1. Live imaging of differentiated U937 cells phagocytosing Escherichia coli 
DH5α 

As an additional assessment of phagocytosis, Day 12 differentiation drug-cocktail treated 

U937 cells were inoculated with GFP expressing E. coli K12 strain DH5α and mCherry 

expressing E. coli K12 strain DH5α. A series of brightfield, green and red fluorescent images 

were taken at 200x magnification at 10 second intervals over a 90-minute time-period 

approximately 30 minutes post-inoculation. These images were then combined into a 38 

second movie using ImageJ (Supplementary Figure 1). Selected images from the movie are 

presented in Figure 4.7 to highlight events of interest. The z value in the bar at the top of 

the movie gives the frame number, which is also listed in the images below. The 

macrophage-like cell indicated by the black box moves around the culture dish, which is 

likely chemotaxis (movement in response to signals) towards the bacteria; however, the 

MOI in this experiment is very high making it difficult to say with confidence whether the 

cell is migrating towards bacteria or simply moving at random. Black arrows indicate cells 

that appear to undergo cell death, these cells can be seen contracting and ‘exploding’ (the 

latter is also apparent in Figure 4.7). The host cell death could be due to the high MOI or a 

general susceptibility to cell death in response to the presence of bacteria. 

Importantly, some bacteria do appear to become trapped upon interaction with the 

macrophages (follow the macrophage indicated by the black box in Figure 4.7 in the movie). 

Together Figure 4.5, Figure 4.6 and Figure 4.7 conclusively show that differentiation drug 

cocktail treated U937 cells are able to phagocytose bacteria; therefore, this protocol was 

taken forward as the ‘macrophage model’ of choice for screening purposes. 
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Figure 4.7 Differentiated U937 cells move, engulf bacteria, and eventually die in response 
to bacterial inoculation.  Selected images taken from different time points of a time-lapse 
video at a 200X magnification. Day 12 differentiation drug-cocktail treated (strategy #3) 
U937 cells inoculated with mCherry and GFP expressing E. coli K12 strain DH5α and imaged 
over a 90-minute time-period. Bacteria eventually overwhelmed culture due to lack of 
antibiotics, causing a high exposure to LPS and intracellular bacteria. Images were taken at 
10 second intervals, thus frame 66 is 660 seconds (or 11 minutes) in. Cells indicated by black 
arrows are examples of those that appear to undergo cell death and the cell in the black box 
moves around. The experiment was performed once. 

 

4.3.  Generation of a U937 GT library 

A randomly mutated cell line library suitable for use in a high throughput genetic screen 

must have high genome coverage to ensure that as many genes as possible are ‘queried’ in 

the screen. Not all genes can be screened, however, as successful insertions of the gene 

trap cassette require introns, which not all human genes contain. To generate a GT library 

with a large genome coverage, three independent GT sub-libraries were created in the 

U937 cell line using the pGTIV3 plasmid vector (plasmid details in Chapter 2). To further this 

effort, sub-libraries #1 and #3 were created with five separate nucleofections of the 

plasmid in 1,000,000 cells each, which were then pooled. Sub-library #2 was created with 4 

separate nucleofections, but this generated an insubstantial number of mutations – no cells 

grew at the lowest serial dilution (data not shown). To estimate the mutational efficiency, 

an aliquot of the newly transfected cells was serially diluted until no resistant cells were 

observed after selection with antibiotic – the dilution factor allowed cell number in the neat 

library to be approximated. While not especially precise, this is best that can be achieved 
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with a suspension cell line that does not proliferate when differentiated (and adhered). 

Using this method, it was determined that the greatest coverage sub-libraries (#1 and #3) 

had an estimated 1,000-10,000 mutational events each. These two sub-libraries were 

deemed sufficiently dense in mutational events to create a pooled library, which would 

theoretically receive representatives of all of the mutated cells present in each. To 

compensate for the likely relative coverage (based on the method of generation), the sub-

libraries were combined in a 1:2 ratio of #1 and #3, respectively. 

 

4.4.  Determining suitable infection conditions for the 
differentiated U937 gene trap library as preparation for an 
infection-host cell survival screen 

Due to the inability to use retrodifferentiation, a gene trap-based infection screen in 

differentiated U937 cells was required to be performed in one round only. To achieve an 

effective screen in this situation, three conditions have to be met. Firstly, a sufficient level 

of selection must be achieved: a host cell death rate of 80-95% should be targeted to 

reduce false positives/background noise. Secondly, screens should involve large numbers of 

differentiated cells. In this way, each individual mutation in the gene trap library will be 

represented in numerous cells in the screen, providing a large dynamic range that can be 

quantified after the screen. Thirdly, to adjust for a likely greater proportion of false 

positives and background noise, a comparatively large number of biological replicates 

should be prepared (e.g. six experiments). While the second and third conditions are simply 

issues of scale, the first of these issues, cytotoxicity, must be fully controlled to ensure a 

productive screen. 

The LDH assay (used in Chapter 3) is one of multiple commonly used assays that measure 

cell death or cellular injury, including in infection assays (Shuai-Cheng et al., 2016; Volf et 

al., 2010; L. Wang et al., 2019; Wu et al., 2018). It is one of a few quantitative, directly 

correlated measures of inflammatory cell death and the only one that can be performed at 

scale on a budget. To fine tune the screening conditions, LDH activity (as a proxy for host 

cell death during STM infection) was measured over a number of time-points and MOIs in 

three experiments (Figure 4.8). The infections were performed according to the method 

outlined in Chapter 2 (Lactate dehydrogenase (LDH) activity assay to determine the extent 

of cell death after infection). At the time of the experiments, the S. sonnei OD600 to CFU 

equation (Figure 2.5) was used to calculate the volume of bacterial culture required for the 

inoculum due to lack of a Salmonella specific equation. As the correlation between OD600 

and CFU for S. sonnei and STM are very different (Figure 4.3), this made it more difficult to 

prepare consistent MOI using subcultures with slightly different OD. As a result, different 

MOI (but of the same order of magnitude) were used in individual experiments. LDH max 

controls (positive cell death, lysis buffer treated) were inoculated with the same respective 

MOIs to control for increasing LDH expressing organisms (e.g. STM). 

At 4 hours post inoculation, MOIs of 300 and 600 generated ~20% and ~30% percent 

cytotoxicity, respectively (Figure 4.8A). In an independent experiment an MOI of 300 
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generated a mean cytotoxicity of 45% at 24 hours and 55% at 48 hours, a level that was 

retained 24 hours later (Figure 4.8B). In contrast an MOI of 3,000 generated much higher 

cytotoxicity, with means of 70%, 80% and 90% at 24 hours, 48 hours and 72 hours post 

inoculation, respectively (Figure 4.8B). A further experiment compared the cytotoxicity 

(presented as changes in OD due to lack of positive Max LDH controls) generated by MOIs 

of 50, 500 and 5,000 (Figure 4.8C) and demonstrated that the percent cytotoxicity peaks at 

24 hours at an MOI of 5,000. The half-life of the LDH enzyme under the conditions of the 

assay is stated as 9 hours in the assay manual, indicating that the majority of remaining 

activity at 48 hours is likely due to enzyme accounted for at the 24-hour time point. 

Therefore, the vast majority of cell death at an MOI of 5,000 most likely occurred at 24 

hours, making this MOI unsuitable for an infection screen, due to a potential lack of viable 

cells with good quality RNA. In comparison, an MOI of 3,000 provides a balance of a high 

level of cytotoxicity that does not fall as sharply with time, suggesting that some host cells 

are yet to die and leak LDH. Indeed, percent cytotoxicity remains high at 72 hours, 

suggesting that sufficient numbers of viable cells are likely to remain at 48 hours post 

inoculation – therefore, an MOI of 3,000 for 48 hours of infection was chosen for the 

screen. 

Despite following the storage instructions for the cytotoxicity reagent, we observed that 

the reagent activity decreased over the course of use (Figure 4.9). The decrease in reagent 

activity decreased the OD range over which differences in LDH activity (and therefore 

percent cytotoxicity) could be seen. The decreased response range results in a flattening of 

the response – Figure 4.8B (in comparison to Figure 4.8A) is particularly affected by this. 
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Figure 4.8 STM infection cytotoxic effects on differentiated U937 cells assessed by LDH release: 
Cytotoxic effect increases with increasing MOI and time.  Differentiation drug cocktail-treated wild 
type U937 cells were prepared in 96 well plates (A), or 24 well plates (B, C). Cells were infected with 
STM on day 6 at the stated MOI, which was calculated using concentration at which the cells were 
seeded and the equation in Figure 2.8. The LDH assay was  performed immediately after supernatent 
collection at each time point. Percent cytotoxicity was calculated with the equation given in the 
cytotox 96  kit instructions. Optical density (OD) values (minus the blank) are provided where no 
positive control was measured (C). Each graph shows data from one experiment (all of which were 
performed once), individual shapes represent technical replicates and the lines represent the mean. 
Individual experiments were statistically analysed with two-way ANOVA, after which post hoc 
comparisons were made between every condition using the Tukey test (using Graph Pad version 
6.01). P values are only reported for comparisons between the same MOI across different time points 
and to MOI 0 at the same time point; * p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001, **** p≤ 0.0001. 

 

 

Figure 4.9 Cytotox96 reagent breaks down over multiple freeze-thaws, reducing the OD activity 
range.  The changes in LDH max (LDH activity from triplicate wells treated with kit lysis buffer) and 
blank (media without cells) are shown over the course of each freeze-thaw. Cytotox96 reagent was 
thawed from -20oC and re-frozen before and after each use. The arrows below point to when fresh 
cytotox96 reagent was prepared from the substrate and assay buffer. The experiment was performed 
once. 

4.5. Use of the U937 gene trap library in a host cell survival screen 
during S. enterica ser. Typhimurium infection 

The combined U937 GT library (from sub-libraries #1 and #3) created in Section 4.3 was interrogated 

with STM infection as stated in Chapter 2, Materials and methods. To ensure a sufficient 

representation of the GT cell library, 10,000,000 U937 cells per sample were differentiated with the 

drug cocktail; which would mean an average of 1000 cells with the same mutation. Naturally, there 

would be some variation in the number of cells per mutant prior to selection. Aside from stochastic 

deviation, some mutant cells might possess a greater potential for proliferation, becoming more 

prevalent with time in culture. Therefore, the GT library was used for selection within a week of 

defrosting the combined library and a maximum of three passages were allowed. An OD600 reading 

of 0.6 from STM subcultures was saught as this optimises the SPI-1 TTSS protein expression for 

invasion (J. Wu et al., 2014). An MOI of 3,000 was intended, but due to the centrifugation methods 

available and the volume of STM subculture required, an approximate MOI of 2,400 (empirically 
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determined from bacterial suspensions prepared in the same way as the inoculum, n=3) was 

reached. The experiment was repeated six independent times over several weeks (biological 

replication), each with a duplicate pair of plated drug cocktail differentiated U937 GT library 

populations – one infected, the other uninfected. The uninfected population also controlled for 

replicative phenotypes observed in the absence of infection (Québatte and Dehio, 2017), as the cells 

are subjected to the same conditions aside from infection. After 2 days of infection, prior to RNA 

extraction, extensive cell death was seen in the infected GT population (data not shown); whereas 

the control population looked healthy. The concentration and quality of the extracted RNA was 

measured on a 2100 Bioanalyzer (see Appendix B). The RNA quality in three samples was poor, 

therefore the experiments for each of these were repeated to retain the number of biological 

replicates. The RNA quality from all remaining samples was sufficient for next generation sequencing 

(NGS) (see Appendix B for further detail).  

To compare the representation of mutant cells in the originally synthesised library to the uninfected, 

differentiated cells, RNA was extracted from 1,000,000 undifferentiated U937 GT library cells 

(labelled Original Lib. R1 and R2). The RNA quality and concentration for these samples was also very 

good (see Appendix B). 

The infected samples consistently had lower RNA concentrations than the control samples for each 

experiment (Appendix B); which was expected as the number of surviving cells would be 

considerably lower and the RNA from any dead cell would have likely degraded (Thomas et al., 

2015). To have the same level of sequencing depth, the total RNA was normalised to the sample 

with the smallest concentration (I infected, Appendix B) in preparation for cDNA synthesis. 

As the intention was to make a sequencing library only from the GT fusion transcripts, a specific 

primer matching mRNA poly-A tails and an additional tail sequence was used for cDNA synthesis. The 

trapped gene sequences were amplified in 2 consecutive rounds of nested PCR, as described in 

Chapter 2. Nested PCR was used to improve the amplification selectivity, as only one primer of the 

initial pair was specific to the GT vector (the other matched the tail of the cDNA primer). Figure 4.10 

shows the purified results of the consecutive rounds of PCR which have been separated on a agarose 

gel by electrophoresis and the relationships between samples is described in Table 4.2. Each lane 

containing RACE PCR material had a smear between 500-3,000 bp as well as several distinct bands 

(as expected) and similar to others’ GT library RACE PCR results (B Pickard, personal communication, 

2019 20th May). The smear indicated the presence of many DNA products of varying sizes which is 

desired as it should indicate many sampled mutations. The distinct bands emerging from the 

background are likely overpresentation of single PCR products. 
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Figure 4.10 Final GT screen RACE PCR material prior to DNA library preparation and sequencing. Purified RACE2 PCR material of STM U937 GT library 
screen samples. The letter at the beginning of each sample name refers to the experiment which it came from (experiments D – I). RACE PCR samples 
labelled ‘infected’ are from the STM-infected population of U937 GT library cells from the respective experiment; while samples labelled ‘control’ are derived 
from the mock-infected population. Experiments A and C resulted in low quality RNA, so were discarded. Experiment B was terminated before RNA 
extraction. Original Library (Original Lib.) biological replicates 1 (R1) and 2 (R2) are RACE PCR samples each prepared from 1 x 106 U937 GT library cells 
without differentiation treatment or infection, defrosted and passaged from different frozen aliquots of the combined GT library. Total RNA was normalised 
to the I infected sample prior to first strand cDNA synthesis, RACE1 and RACE2 PCR. A total volume of 180 µL of RACE2 PCR material was purified and eluted 
in 28 µL of nuclease free water. Purified samples were loaded with water (0.5 μL and 4.5 μL, respectively). 
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Table 4.2 Description of RACE PCR amplicon samples from the STM U937 screen presented in 
Figure 4.10.  Each experiment from the infection screen functions as a replicate pair, the sample 
derived from the mock-infected differentiated U937 GT population (Control) serving as a control for 
the sample derived from the STM-infected differentiated U937 GT population (Infected). The control 
population is expected to have a similar representation of GT fusion transcripts for mutations that 
promote differential cell representation regardless of infection (such as differences in proliferation). 
Original Library (Lib.) R1 and R2 are derived from independent frozen aliquots of the GT library after 
two passages each. The Original Library samples were intended as representatives of the scope of the 
GT library without differentiation or infection. 

Sample name Experiment Description of population from 
which sample was derived 

D Control 
Infection screen - Experiment D 

Mock-infected 

D Infected STM-infected 

E Control 
Infection screen - Experiment E 

Mock-infected 

E Infected STM-infected 

F Control 
Infection screen - Experiment F 

Mock-infected 

F Infected STM-infected 

G Control 
Infection screen - Experiment G 

Mock-infected 

G Infected STM-infected 

H Control 
Infection screen - Experiment H 

Mock-infected 

H Infected STM-infected 

I Control 
Infection screen - Experiment I 

Mock-infected 

I Infected STM-infected 

Original Lib. R1 Untreated GT library – Experiment 1 Undifferentiated, uninfected 

Original Lib. R2 Untreated GT library – Experiment 2 Undifferentiated, uninfected 

 

4.6. Use of the same U937 gene trap library in a host cell survival 
screen using F. tularensis subsp. holarctica Live Vaccine Strain 
infection 

The combined U937 GT library was interrogated with F. tularensis LVS infection as stated in Chapter 

2, Materials and methods in collaboration with Helen Flick-Smith at DSTL. A second screen using a 

different intracellular bacterium with different mechanisms of entry and different cellular niche was 

of interest to identify common genes or cellular processes involved in host survival or resistance to 

infection. F. tularensis LVS is a model pathogen for the F. tularensis subsp. tularensis Schu S4 strain 

which has been listed as a category A bioterror agent by the Centers for Disease Control (Centers for 

Disease Control and Prevention, 2018), thus requiring urgent biomedical research. The U937 GT 

library was prepared and differentiated at the same scale as in the STM U937 GT screen (Section 

4.5). The inoculum from each experiment was serially diluted and plated on agar to generate CFUs to 

determine the MOI (Table 4.3). 
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Table 4.3 Summary details of F. tularensis LVS U937 GT infection. U937 GT library cells defrosted 
from the initial cryotubes sent down to DSTL Porton Down were defined as passage 1. The 
concentration of the inoculum in CFU /mL and the MOI were calculated from CFU counts from the 
serially diluted inoculum. 

Experiment Passage number Inoculum CFU /mL MOI 

A 11 (passage control) 8450000 70 

B 3 7300000 61 

C 3 8800000 73 

D 3  14000000 117 

 

The experiment was repeated 3 times at passage 3 (Experiments B, C and D) with 1 technical 

replicate for infected and control (mock-infection). Experiment A was performed at passage 11 and 

served as a passage control to determine how much of an effect the passage number had on the 

mutation representation in the population. After 2 days of infection, prior to RNA extraction, a 

substantial amount of cell death was seen, though not as much as in the STM U937 GT screen. The 

quality of the total RNA for all samples as measured by a Tapestation was high (Appendix B). 

Total RNA was checked for sterility (method in Chapter 2) before shipment to the University of 

Strathclyde where the RNA was processed and reverse transcribed into cDNA for RACE PCR (in the 

same manner as in Section 4.5). The purified results of consecutive nested rounds of RACE PCR were 

separated on a agarose gel by electrophoresis to provide evidence of their nature and quality (Figure 

4.11), which was comparable to the RACE PCR products generated from the STM screen (Figure 

4.10). The source and relationship of each of RACE PCR sample is described in Table 4.4. Sequencing 

library creation and sequencing (by Glasgow Polyomics) was performed in the same manner as the 

previous screen. 
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Figure 4.11 Final GT screen RACE PCR material prior to DNA library preparation and sequencing.  
Purified RACE2 PCR material of the F. tularensis U937 GT library screen samples. The letter at the 
beginning of each sample name refers to the experiment which it came from (experiments A – D). 
RACE PCR samples labelled ‘infected’ are from the F. tularensis LVS infected population of U937 GT 
library cells from the respective experiment; while samples labelled ‘control’ are derived from the 
mock-infected population. Total RNA normalised to the experiment C infected sample prior to first 
strand cDNA synthesis, RACE1 and RACE2 PCR. A total volume of 140 µL of RACE2 PCR material (half 
GC enhanced) was purified and eluted in 30 µL of nuclease free water. Purified samples (1 µL) were 
loaded with 7.3 µL of water onto the gel. 
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Table 4.4 Description of RACE PCR amplicon samples from the F. tularensis U937 screen presented 
in Figure 4.11.  Each experiment from the infection screen functions as a replicate pair, the sample 
derived from the mock-infected differentiated U937 GT population (Control) serving as a control for 
the sample derived from the F. tularensis infected differentiated U937 GT population (Infected). The 
control population is expected to have a similar representation of GT fusion transcripts for mutations 
that promote differential cell representation regardless of infection (such as differences in 
proliferation). Experiment A (see Table 4.3) serves as a passage control to determine how strongly 
passaging the GT library prior to differentiation affects changes in GT fusion transcript 
representation. 

Sample name Experiment Description of population from 
which sample was derived 

A Control Infection screen - Experiment A, 
passage controls 

Mock-infected 

A Infected F. tularensis-infected 

B Control 
Infection screen - Experiment B 

Mock-infected 

B Infected F. tularensis-infected 

C Control 
Infection screen - Experiment C 

Mock-infected 

C Infected F. tularensis-infected 

D Control 
Infection screen - Experiment D 

Mock-infected 

D Infected F. tularensis-infected 

 

4.7. Discussion 

A U937 differentiation protocol suitable for use in macrophage infection screening assays was 

developed through three rounds of optimisation. The final protocol generates differentiated U937 

cells that are adherent, morphologically different to monocytes, and have reduced or terminated 

proliferation as well as the ability to phagocytose bacteria. Indeed, the drug cocktail differentiated 

U937 cells described here have a similar appearance to PMA treated and rested THP-1 cells prepared 

by Daigneault et al., (2010), who describe these cells as predominantly classically ‘M1’ activated but 

also sharing some alternative ‘M2’ activation features. Additionally, a greater proportion of the drug 

cocktail differentiated U937 cells express the differentiation marker CD11b than PMA treatment 

alone. 

A U937 GT library suitable for phenotype discovery screening was generated from a combined pool 

of multiple independent rounds of random GT mutagenesis. The conditions for a large scale STM 

infection screen were optimised before use in six replicate experiments (each with an infected and 

control pool of cells). A second infection screen using F. tularensis LVS as the infectious agent was 

also performed. Each of these sets of experiments generated RNA of suitable quality for 

downstream analysis. 

4.7.1. An optimal infection MOI and time frame for stringent selection 

In general, STM infection of drug cocktail differentiated U937 cells did not produce significant 

cytotoxicity below MOIs in the hundreds and so MOIs in the thousands were required to produce 

levels of cytotoxicity required for efficient screen selection (summarised in Table 4.5). The majority 

of STM-generated cell death described here occurs between 4 and 24 hours at high MOIs. By 

contrast, the situation ex vivo / in vitro when using primary macrophage cultures is very different. 

STM causes SPI-I T3SS mediated inflammasome activation and cell death in human LPS-primed 
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monocyte-derived macrophages (MDMs) at early time points at comparatively low MOIs (e.g. 50% 

cytotoxicity at an MOI of 20 over 4 hours) (Casson et al., 2015). Low MOIs also cause significant cell 

death in mouse macrophages; 85% cytotoxicity during 8 hours in ex vivo infection (Hersh et al., 

1999). In experimental comparisons of primary and cell line macrophages the former often have 

stronger and more complete transcriptional and proteomic responses (Andreu et al., 2017; Levenson 

et al., 2018; Tedesco et al., 2018); therefore primary macrophages may also have a stronger cell 

death response. 

4.7.1.1. The selection procedure was not too stringent - the total RNA was still of good 
quality 

An STM MOI of 2,400 (technical detail in Section 4.5) was used for U937 GT screen and extensive cell 

death was seen in the infected GT population. Overall, good quality RNA was obtained from infected 

GT populations, indicating that surviving cells of sufficient health were available to extract RNA from; 

as RNA in cells undergoing apoptosis becomes degraded (Del Prete et al., 2002; Thomas et al., 2015). 

Using the same argument, the contribution of RNA from potential remaining dead ‘susceptible’ host 

cells to the final sequenced material is likely to be low. 
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Table 4.5 Summary of STM infection of cocktail differentiated wild type U937 cells to find optimal 
infection conditions. LDH activity as a proxy for host cell death increased (), decreased () or was 
the same (=) as without bacteria; where not statistically significant but still mentioned, the indicated 
direction has a *. All experiments listed were performed once, except STM infection at MOI 300 for 
the 4-hour time point. In this case, the pattern was different between two experiments, the result for 
each is listed with a (1) adjacent to it. Time points or assays not performed are listed as ND. 

MOI Time post inoculation (hours) 

0.6 4 24 48 72 

30 ND = = = = 

50 ND = = = = 

60 = = ND ND ND 

300 =  (1), = (1) = = = 

500 ND =   = 

600 =  ND ND ND 

3000 ND = * * * 

5000 ND =   = 

 

4.7.2. Limitations of U937 differentiation characterisation 

Many authors have presented cell surface or transcript expression of CD11b as a means of 

confirming PMA-induced U937 differentiation (Babina and Henz, 2003; Basoni et al., 2005; Boukes 

and van de Venter, 2012; Deszo et al., 2004; Guest et al., 2008; Kang et al., 2004; Paulsen et al., 

2011). Boukes and van de Venter et al., (2012) observe that PMA treatment encourages more cells 

to express CD11b (~70%) at 48hr compared to 24hr, but also that higher concentrations of PMA 

produce lower CD11b surface expression. Paulsen et al., (2011) demonstrate that longer periods of 

treatment with PMA (72hr>48hr>24hr) at 25 nM increases the mean fluorescence intensity of 

CD11b. Both use higher seeding densities than have been used here (1.6 x 104 cells/ cm2 vs 1 x 105 

cells/ cm2 (Boukes and van de Venter, 2012), 5-2.5 x 105 cells/ cm2 (Paulsen et al., 2011)). Thus, if 

lower concentrations of PMA were used and cell surface expression levels of CD11b was measured 

on day 3 of PMA treatment, expression levels would likely have been much higher. 

Cell surface markers have a limited ability to characterise subsets of mononuclear phagocytes 

derived ex vivo as this changes based on tissue and inflammatory state (Guilliams and van de Laar, 

2015). Interestingly, CD11b cell surface expression actually decreases in human monocytes 

differentiated with M-CSF into macrophages (Da Costa et al., 2018) and CD11b has also been used as 

a M2 “alternatively activated” macrophage marker (Pagie et al., 2018). Daigneault et al., (2010) 

report an alternative method of characterising monocyte cell line differentiation; primarily by 

comparing differentiated cell line responses to (human) monocyte-derived macrophage (a common, 

physiologically closer macrophage model) responses in a series of physiological tests, as well as 

comparisons of cell surface marker expression. Interestingly, the majority of cells in CD14+ CD16- and 

CD14+ CD16+ human blood monocyte subsets express CD11b (Cros et al., 2010). Perhaps U937 cells 

immediately after PMA treatment are more representative of these subsets than tissue 

macrophages, though comparisons based on the expression of one cell surface marker are 

superficial at best. The characterisation of the chosen differentiation protocol was limited due to 

time constraints, but further characterisation would provide more information about the context in 

which the screens were performed. Features such as expression of (further) cell surface macrophage 
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markers, production of ROS and RNS as well as phagocytosis of STM would help comparisons with 

human MDMs, in vivo phenotypes and other cell line infection screens. 

4.7.2.1. Exposure of cocktail differentiated U937 cells to bacteria 

Upon imaging of E. coli K12 strain DH5α-inoculated differentiated U937 cells, it was a surprise to find 

that many of the mammalian cells died over the course of the 90-minute imaging period. One would 

think that it would be evolutionarily advantageous to retain phagocytic cells such as macrophages 

during an active infection if they were able to destroy the invading species without resorting to 

programmed cell death (PCD). Indeed, Yang et al., (2014) report that mouse peritoneal macrophages 

are able to modulate their PCD response to cytosolic flagellin according to the source (E. coli K12 

strain MG1655 or S. enterica ser. Typhi). Nevertheless, some macrophages succumbed to PCD in 

response to cytosolic E. coli flagellin, indicating that PCD is a physiological response to non-

pathogenic bacteria. Additionally, the MOI used in the time lapse experiment is clearly very high and 

the experiment was performed in near atmospheric CO2 (thus reducing the buffering capacity of the 

media). A combination of these factors was probably what caused the high frequency of PCD. 

 

4.7.3. Retrodifferentiation is not possible in drug cocktail differentiated U937 
cells 

U937 cells differentiated with low concentrations of PMA (in differentiation strategy #2) appeared 

able to return to suspension and begin proliferating as previously described (Bertram et al., 2008; 

Hass et al., 1990; Meinhardt and Hass, 1995; Okada et al., 1995; Selle et al., 2007). Unfortunately, 

this process occurred to lesser extent at the required PMA concentration (0.2 µM) and failed to 

occur at all subsequent to drug cocktail differentiation (strategy #3). As the PMA concentrations 

tested produce a heterogeneous morphology, it is unclear if the different phenotypes (such as PMA- 

vs drug-cocktail generated) result in different retrodifferentiation ability. Selle et al., (2007) found 

that U937 cells treated with 5 nM of PMA for up to 72 hours generated a morphologically 

heterogeneous population much like that presented in differentiation strategy #2 with circular and 

elongated shapes. In that publication, the majority of the cells 17 days post PMA treatment initiation 

were visibly in suspension. Therefore, there may be no difference in the ability to retrodifferentiate 

between PMA-treated cells demonstrating different observable morphology. However, different 

differentiation regimes are likely to produce more profound differences in phenotype than within a 

single differentiation treatment. The major difference in differentiation treatment between strategy 

#2 and #3 was the addition of VD3; indicating that this may have prevented retrodifferentiation. 

 

4.7.4. Future work 

A common theme to these infection screens is the idea of identifying a universal novel host gene or 

process associated with permissive/ successful bacterial infection that can then be 

pharmacologically inhibited. The U937 differentiated GT screen has thus far already been performed 

for two pathogens, namely STM and F. tularensis LVS. Using the same GT library in screens of 

different pathogens could prove useful for identifying potential genes common to all, though given 

the potential for higher false positives and false negatives in high throughput experiments, any 

common differentially represented trapped genes should be confirmed independently. 
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4.7.4.1. S. sonnei strain 86 as candidate pathogen for a future infection screen 

As a globally important intracellular pathogen with potential as a bioterror agent, S. sonnei would be 

a good candidate for use in a potential third infection survival screen in differentiated U937 GT 

library cells. In vivo, S. sonnei mainly infects epithelial cells, microfold cells, dendritic cells and 

macrophages; the last of these is an intracellular niche S. sonnei uses to avoid neutrophils. 

Therefore, macrophage-like cells are a particularly relevant in vitro model to study host factors 

important in S. sonnei infection. To initiate an investigation of suitable infection conditions for 

selection, a preliminary experiment was performed using S. sonnei strain 86 at an MOI of 20 in wild 

type U937 cells. At 24 hours post inoculation almost all host cells were still alive (as observed by 

microscopy), but 29 hours later approximately 95-99% were not viable (data not shown). 

The capacity of S. sonnei to cause a near complete level of cell death would be a powerful selection 

pressure for a mutant U937 library; but the near totality of death at this time point is also cause for 

concern if used in a discovery screen. Enough living U937 cells must survive to analyse subsequently 

(e.g. by RNA sequencing (RNA-Seq)) and the size of the surviving U937 population observed (green 

cells) is small enough to perish in replicate experiments due to experimental variation of infection 

conditions. Nevertheless, this is an important step towards identifying suitable S. sonnei infection 

conditions for a future screen. On the other hand, maintaining the virulence of S. sonnei in large 

experiments has proven challenging in my hands (data not shown); as S. sonnei is well known to stop 

expressing the virulence proteins that (in addition other activities) increase the rate of macrophage 

cell death, if the culture temperature drops below 37°C for a sufficient length of time (McVicker and 

Tang, 2017; Sandstrom et al., 2019; Suzuki et al., 2014). This challenge would need to be overcome 

as a factor to enable use of the pathogen in an infection survival screen. 

4.7.4.2. Iterative rounds of selection as an additional approach in a monocyte-like model 

Another approach to finding resistance/susceptibility genes would be to screen the U937 GT library 

as an undifferentiated suspension population on monocyte-like cells in iterative 

infections/recoveries. This would have the advantage of identifying greater numbers of differentially 

represented genes, as the repeated selection would have a greater success of removing genes 

identified by chance. However, the immature state of the cells may mean that mature macrophage 

host defence processes are not functioning and are therefore ‘invisible’ to this functional screening 

approach.
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Chapter 5 
Bioinformatics analysis and phenotypic 
validation of U937 GT library infection 

screens 
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5. BIOINFORMATICS ANALYSIS AND PHENOTYPIC 
VALIDATION OF U937 GT LIBRARY INFECTION 
SCREENS 

Chapter 4 identified a suitable timeframe and MOI for Salmonella enterica serotype 

Typhimurium SL1344 (STM) infection of differentiated U937 macrophage-like cells. These 

conditions generated a sufficient level of cell death (selection pressure) while still providing 

sufficient quality of RNA for analysis. This timeframe and MOI were therefore used to select 

for differentiated U937 gene trap mutants with greater or lesser capacity for survival than 

mock-infected U937 GT library cells. A similar set of experiments was performed with 

Francisella tularensis Live Vaccine Strain (LVS) as the infectious agent. Fusion cDNA 

amplicons (made up of both gene trap and trapped endogenous gene sequences) from 

these screened populations of cells are each present in a quantity proportional to the 

number of cells that carried them. Therefore, NGS of these amplicons permits the accurate 

quantification of allele frequency changes (reflecting benefit or harm to cell survival) for 

every mutation in the population after selection. 

In this chapter, the process of identifying over- and under-represented trapped gene 

sequences using an online bioinformatics tool kit is described. Each step in the process has 

been examined, and optimisations made and discussed. Gene ontology enrichment analysis 

was performed for each screen to identify the processes, functions and components that 

may be particularly important to STM infection and, or, the host response. Protein 

interaction network analyses of the combined list of differentially represented genes is 

undertaken to infer potentially important proteins missing from the screens, as well as 

potential pathway connections between the screens. A single over-represented trapped 

gene was taken forward for validation through independent genetic mutation and the 

results of an initial infection experiment are presented. Finally, the preliminary results of a 

pharmacological intervention based on this new bioinformatics data are presented. 

5.1. Summary of pre-sequencing and sequencing processes 

As described in Chapter 4, the STM U937 GT screen was composed of six replicates of 

experiments (D, E, F, G, H, I) each with a pair of infected and uninfected U937 cell 

populations, with an additional two samples taken as representative of the original library. 

The F. tularensis LVS U937 GT screen was composed of four independent replicates (A, B, C, 

D) each with a similar infected and uninfected U937 cell population pair. RNA was extracted 

from each of these populations. Once the RNA had been converted to cDNA, it was 

amplified via RACE-PCR and all amplicons sent to Glasgow Polyomics where they were 

enzymatically fragmented with an NEB FS Ultra II DNA kit to create shorter, more uniformly 

distributed, sequences (Figure 5.1). Sequencing primers were also added to each end 

before sequencing individual strands from the 5’ end to generate paired-end 75 base reads. 

Most reads would likely have terminated before the middle of the DNA fragment, given 

that the fragments were an average of 300-350 bp in length (depending on the 
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experimental sample). This would leave a gap in the centre of the fragment that was left 

unsequenced. Despite this, paired-end sequencing is particularly useful for this application, 

as it ensures the trapped gene is sequenced, even if one read of the pair is composed solely 

of GT vector. Paired reads also allow more accurate identification of genetically similar but 

functionally different genes (e.g., gene vs. pseudogene, paralogues); provided both reads in 

the pair contain DNA from the endogenous gene sequence, as well as being of sufficient 

length and quality. A minority of DNA fragments may have been shorter than 75 bases, 

allowing a portion of the 3’ primer to be sequenced as well. The presence of sequencing 

primers was evaluated during quality assessment (described in Section 5.2.1.4).  
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Figure 5.1 Summary of RACE PCR amplicon composition and technical processes required 

for Next Generation Sequencing. The DNA output from RACE PCR is a fusion of the GT 

vector exon (containing the 3’RACE primer sequence (Table 2.4)), cDNA complementary to a 

partial endogenous ‘trapped’ mRNA transcript and a synthesis primer (Table 2.4) sequence. 

To begin DNA library preparation, the DNA was enzymatically fragmented, splitting the PCR 

products into shorter sequences (potential sequence composition has been represented 

above). (Sequencing) adaptors are ligated to each of these fragmented sequences on both 

ends and the library is enriched by PCR, (during which additional nucleotides are added to 

comprise sequencing primers with the adaptors (labelled P5 and P7). To sequence the 

fragmented DNA, the PCR products are denatured and the 3’ ends of each strand is affixed 

to a chip before sequencing from the 5’ end. Read 1 begins immediately after the 3’ end of 

the P5 primer and read 2 begins immediately after the 3’ end of the P7 primer. The 

sequencer is set up to generate an average read length of 75 bases, but the DNA fragments 

have an average size of 300-350 bases. 

 

5.2. Bioinformatics analysis of next generation sequencing (NGS) 
results from the S. enterica ser. Typhimurium infection-host 
cell survival screen with the U937 gene trap library 

The aim of the bioinformatics analysis of the NGS data from the STM infection host cell 

survival screen was to identify a list of trapped gene sequences that were present in 

significantly greater or lesser numbers in infected GT samples compared to uninfected GT 

controls. The tools used to arrive at this goal were required in a format that did not require 

extensive programming experience or use of a command line. Galaxy is such a toolkit; a 

web-based platform, which allows bioinformatics analysis of NGS data in an user-friendly 

manner (Afgan et al., 2018). The chief analyses would be to identify over- and under-

represented mutated genes after the infection screens, to identify overlaps between the 

two screens, as well as any overlaps with the original screen of the HEK-293 GT library. 

These comparisons would identify potential ‘pathogen-specific’ and ‘universal’ host factors 

involved in response to infection processes. Furthermore, the gene lists would be used in 

gene ontology (GO) analysis to identify enriched GO terms relating to process or function 

that might shed light on the key biological mechanisms in the host response. Similarly, 

protein interaction analysis would further clarify important functional pathways in the host 

response. 

In our particular NGS application, we sought to identify significantly over- or under- 

represented mutated genes in one experimental group compared to another. This required 

several steps including matching reads to a reference (known as alignment or mapping), 

transcript assembly, counting the number of transcripts per gene per sample and 

statistically analysing the gene counts across groups. The most comparable form of NGS 

application to this is differential gene expression, as it also detects significant differences in 

representation between experimental samples to reach a similar end goal. The major 

difference between the two is the output: differentially expressed genes compared to 
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differentially represented trapped genes (our screen). However, the similarity allowed 

Galaxy tools normally applied to differential gene expression to be applied here. 

5.2.1. Raw DNA sequence quality assessment 

5.2.1.1. Base call quality and read length 

The raw NGS data files returned from Glasgow Polyomics contained an average of 

30,000,000 paired reads (Figure 5.2) and approximately 2,250,000,000 bases per file. 

 

Figure 5.2 STM U937 screen raw NGS files have an average of 30 million paired reads, as 
requested during procurement. Statistics taken from MultiQC file of raw NGS data provided 
by Glasgow Polyomics and plotted using GraphPad. Data comes from 8 experiments (A-D, 
OR1 and OR2). The whiskers extend from the lowest to highest values. 

Post-sequencing quality assessment of raw sequence reads is an important step prior to 

read alignment so any technical problems can be identified and adjusted for (if possible) 

before alignment. The results of the quality checks used on the sequencing data were 

compared where appropriate to RNA-Seq data ideals. The length of the reads and accuracy 

of the bases produced by the sequencer (represented as a ‘Phred score’) were checked as 

these factors could affect sequence alignment. A Phred score is given to each base 

depending on how clear the signal was for that base in the sequencer. The vast majority of 

read lengths are more than 75 bp (Figure 5.3A), as requested at the time of the NGS service 

order. This is beneficial as longer reads allow more accurate alignment to the reference 

genome. Figure 5.3B shows that the majority of reads from the STM screen had an average 

Phred score of 30 or more (across the read) and an even greater proportion had a Phred 

score of 20 or more. A Phred score of 30 indicates the base has a 99.9% chance of being 

correct and a Phred score of 20 means the probability of the base call being correct is 99%. 

Thus, the majority of our sequencing was of good quality and could be used for 

downstream analysis. A small minority of sequences were of lower quality; later sections in 

the chapter detail trimming criteria which include low Phred scores. 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

155 | P a g e  
 

 

Figure 5.3 The read length is as requested and the majority of reads in all samples have 
good quality (Phred) scores averaged across the read. Sequence length distribution, A and 
Per sequence quality scores of sequence reads, B. In B, each green line corresponds to an 
individual experimental sample, converted into a DNA library, and then taken through high-
throughput sequencing. The plot provides an overview of sequence quality within and 
between samples. A Phred score is given to each base depending on how clear the signal 
was for that base in the sequencer. The red region of the graph indicates poorer quality 
scores, the orange region indicates good quality scores (a Phred score of 20 indicates the 
probability of a base call being correct is 99%) and the green region indicates high quality 
scores. The number of reads in a sample (y axis) is plotted against the average (mean) 
sequence quality represented as the mean Phred score (x axis). Each line is representative of 
a sample (Infected, Control or Original Lib., data comes from 8 experiments). The Phred 
scores were collated by FastQC (Andrews, 2019) and presented in graph form with MultiQC 
(Ewels et al., 2016) by Glasgow Polyomics.  
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5.2.1.2. Quality check for species and vector contamination 

The sequences derived from all experimental samples were checked for potential 

contamination by other species (e.g. from other samples at the sequencing facility) using a 

programme called FastQ screen (Figure 5.4). Sometimes contaminating sequences from 

other species can misalign to sequences in the human genome. Usually this is the 

consequence of sequence contamination with species of similar homology, but extremely 

short sequences require less species homology for a mismatch. The screen was initiated 

with an STM MOI of 2,400 and the bacteria had a chance to grow in nutrient-rich media for 

2 days; therefore, bacterial genomic contamination after host cell lysis was likely. The RNA 

extraction included a DNase digestion step, which would have eliminated all, or at least the 

vast majority of any DNA present. The RACE PCR protocol included primers with specificity 

for messenger RNA (mRNA) poly-A tails and the GT vector exon, as well as an intermediate 

500-fold sample dilution step. Thus, it is highly unlikely for such sources to be present in the 

final sequencing samples. Nevertheless, it is prudent to check the quality of the sequence 

data for signs of remaining sequence contamination, from bacteria, ribosomal RNA, 

mitochondrial RNA and sequencing primers. The potential for these sources of 

contamination will be additionally discussed and analysed in later sections of the chapter 

(5.2.1.3, 5.2.1.4 and in Appendix C). 

Besides contamination detection, FastQ Screen can provide a rough estimate of the 

proportion of reads that can be aligned to the human genome. At later stages in the 

analysis, a more nuanced alignment programme is used as part of gene identification; thus, 

the proportion of mappable reads may be higher than indicated here. The experimental 

samples consistently contained approximately 40% of sequences that uniquely matched the 

human genome, as well as another 25-30% of sequences that matched multiple genomes of 

those tested (which likely includes human). The final 30-35% of sequences do not match 

any genome tested (no hits). As the Salmonella genome was not queried, the sequences 

without matches may result from STM contamination; however, evidence in Sections 

5.2.1.3 and in Appendix C strongly suggests this is not the case. The majority, or perhaps all, 

of the sequences with no matches likely originate from the GT vector exon or GT vector 

exon-gene spanning sequences (as predicted in Figure 5.1).
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Figure 5.4 At least 40% of sequence reads across all infected (experimental), uninfected (control), 
and original U937 GT library samples match the human genome. The light blue regions on the far 
left of the graph indicate reads matching the human genome, the red regions in the middle match 
multiple genomes (including human) and the grey regions on the right do not match any genome 
listed (and most likely reflect sequencing of the gene trap vector). The sample labels for each bar are 
on the left in grey, with each letter (D-I) at the start of the label corresponding to a specific 
experiment (8 experiments including Original-1 and 2). The percentages were calculated by the 
programme FastQ screen (Wingett and Andrews, 2018), presented in graph form with MultiQC by 
Glasgow Polyomics courtesy of Rachael Munro. 

 

5.2.1.3. GC content quality check 

Testing the GC content distribution of sequences in all experimental samples is another useful way 

of checking for potential contamination, as purely human mRNA sequences would have a normal 

distribution centred around 40.9% GC content (Piovesan et al., 2019). Figure 5.5 shows a very broad 

hump between 20-70% GC content with several sharp peaks at approximately 20, 40, 50, 55 and 70% 

GC content. The cDNA synthesis primer (Table 2.4) used to reverse transcribe transcripts containing 

poly-A tails from the extracted total RNA has a high AT content, so this is likely the cause for the 

peak at 20% GC content. The GT vector exon preceding trapped gene sequences prior to DNA 

fragmentation (Figure 5.1) has an average GC content of 56% (calculated with the GC content tool of 

Biologics International Corp, https://www.biologicscorp.com/tools/GCContent/). However, it is 

necessary to look more widely for potential sources of this GC content profile. For example, 

ribosomal, mitochondrial RNA and STM DNA could be potential sources of contamination, as 

described in Section 5.2.1.2.  Ribosomal and mitochondrial RNA are GC rich, so could generate a 

peak at 70% GC content; however, as neither contain poly-A tails or GT vector exon sequences, it is 

highly unlikely either would be represented enough to affect the shape of the graph. 
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The STM genome has an average GC content of 52.3% (Fookes et al., 2011), so could produce a peak 

at roughly 50%. However, no difference in GC content distribution was seen between infected and 

uninfected (control and original) samples (Figure 5.5), strongly suggesting that STM sequences were 

not a source of contamination. An alternative reason for the sharp peaks in GC content may be low 

complexity of the DNA library. This is realistic as both of the GT libraries (1 and 3) had an estimated 

1,000-10,000 mutational events prior to mixing (Section 4.3) and the sequencing was comparatively 

high depth at an average of 30,000,000 reads per sample. Further analysis of the source of these 

quality issues was performed during optimisation of sample quality processing described in 

Appendix C. 

 

Figure 5.5 The average per sequence GC content for the raw STM screen sequence samples is 
around 40% as expected, but the bell curve is interrupted by numerous sharp peaks. A small 
proportion of total reads per sample was tested for its GC content (%GC, x axis) and the percentage 
of reads per sample for a given GC content is plotted against the y axis. Each line represents a single 
sample (from a total of 8 experiments) each containing around 30 million reads. Infected samples are 
drawn in maroon, control and original library samples are grey. The sharp peaks are likely due to a 
combination of factors, for example the relatively high content of GT vector sequences. 

5.2.1.4. Per sample sequence overrepresentation 

Testing for overrepresented sequences as a percentage of the total reads in a sample is another way 

to test quality, as it can indicate specific sources of contamination (e.g. with sequencing primers 

(Figure 5.1), bacterial, viral or fungal DNA, or vector sequences). An overrepresented sequence can 

comprise all or part of a read and is defined as a constituent of more than 0.1% of total reads per 

sample. Overrepresented sequences can also indicate high biological significance after selection, or 

lower than expected diversity in the library. Figure 5.6 shows that 12.5-20% of reads per raw 

experimental sample contain overrepresented sequences. The greatest overrepresented sequence 

for each sample is contained in 5-7.5% of total reads alone. An individual FastQC report for the Raw 

D-Control reverse file (as a representative) found that the measured overrepresented sequences all 
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contained portions of the cDNA synthesis primer (Table 2.2) or GT vector. Therefore, these 

sequences are likely to be highly overrepresented in the other raw sequence files as well. 

 

 

Figure 5.6 At least 12.5% of reads per raw sample contain overrepresented sequences. An 
Overrepresented sequence is defined as a constituent of more than 0.1% of the total reads per 
sample. The blue bars represent the single most common overrepresented sequence per sample, 
which most likely reflect the cDNA synthesis primer, or GT vector sequences. Comparing all reads 
with each other takes significant computing power, so the first 100,000 are taken as representatives 
and compared with the remaining reads. A potential matching sequence must be over 20 bp to be 
considered and may have one mismatch or less. The sample labels for each bar are on the left in grey, 
with each letter (D-I) at the start of the label corresponding to a specific experiment (8 experiments 
including Original-1 and 2). The percentages of overrepresented sequences from raw sequencing files 
were calculated by FastQC and presented in graph form with MultiQC by Glasgow Polyomics. 

 

5.2.2. Empirical comparison of quality-based processing techniques for use 
prior to analysis 

5.2.2.1. Trimming to an average Phred of 20 is appropriate 

All bioinformatics analysis from hereon is performed on usegalaxy.org unless stated otherwise. 

The following section describes the key considerations and processing steps used in the analysis. 

Trimming based on quality is a commonly used pre-processing adjustment to individual sequence 

reads - indeed some researchers suggest that some trimming is necessary for all RNA-Seq data to get 

reliably mapped reads (Fabbro et al., 2013). Percentage mappability (the percentage of reads in a 
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sample able to map to a reference genome) is often used as a reliability indicator. Mappability goes 

up with increased quality trimming, but the number of reads lost also increases; resulting in a need 

to find the best trade-off. Reads with low quality bases throughout may map inaccurately without 

trimming as well as taking extra time and computer memory. Reads with some low-quality regions 

may become mappable with careful trimming, provided the read is long enough afterwards. 

Aggressive levels of trimming (particularly to a minimum average Phred of 30 - 40) promote a bias in 

the number of reads aligning to a given transcript isoform or gene, where a family of genes is similar 

in sequence (Williams et al., 2016); because splice junctions are selected against. Splice junction 

spanning reads (or read pairs) help distinguish exon-sharing transcripts by specifying exon usage. 

The increased number of short sequences found in trimmed datasets also contributes to gene 

mapping bias, but this can be alleviated with minimum length filtering with the best results seen at 

20 bases or more. On the other hand, some authors suggest that relatively high-quality sequencing 

data sets should not be trimmed, and that the soft-clipping feature of the read aligner should 

instead be solely relied upon (Liao and Shi, 2019). Ideally, the settings for trimming should be 

optimised for each dataset, however the time and computer space required to determine these is 

lengthy. Due to time and storage space constraints, a brief comparison of trimming at two different 

quality levels was performed, to identify a suitable threshold for the current dataset. The 

programme ‘Trimmomatic’ was chosen for trimming as it was a popular pre-processing tool for 

short, paired-end RNA-Seq reads (Bolger et al., 2014), was user friendly, and was available on 

usegalaxy.org. Sliding window, a trimming method used by Trimmomatic, was used to generate 

trimmed reads with a minimum average Phred of 30 (Figure 5.7A) or 20 (Figure 5.7B). Surviving 

reads with a length below 20 bases were excluded from the output. The minimum length filter was 

implemented based on the optimisations described by Williams et al., (2016). Trimmomatic also 

separates output reads into three categories: (paired) surviving reads, forward only, and reverse 

only surviving reads. Trimming to a minimum average Phred of 30 reduced surviving read pairs to 

just over 20 million in most samples, with one sample retaining 27 million read pairs. In contrast, 

trimming to a minimum average Phred of 20 left an average of 30 million surviving read pairs. 

Applications such as de novo genome assembly require high quality base calls such as a Phred score 

of 30 (where probability of the base being accurate is 99.9%); to produce a genome with high 

accuracy. For applications such as reference-based differential gene expression, where the outcome 

is a list of gene counts, highly accurate base calls are not essential, as long as the sequences can be 

aligned to correctly. Therefore, trimming to Q20 is often performed instead. Differential GT 

representation (the application to be implemented here) has a similar output and requirements to 

reference-based differential gene expression, thus, a minimum average Phred score of 20 is likely to 

be appropriate. Considering the lower Phred score assumed to be required for the application and 

the higher number of read pairs remaining after processing, trimming to a minimum average Phred 

of 20 was chosen as the threshold for this step. Simply trimming and length filtering will be known as 

pre-mapping procedure one. 
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Figure 5.7 Q20 trimmed and size-filtered sequences from STM U937 screen samples retain a 
greater majority (30 million surviving read pairs) of the input sequences than Q30 for genome 
alignment. Raw sequencing files trimmed to an average Phred of 30 (Q30) (A) or 20 (Q20) (B) per 4 
bases using the sliding window operation before filtering for reads longer than 20 bases in 
Trimmomatic. Trimmomatic separates surviving reads into those in a complete pair (surviving reads), 
forward only reads and reverse only reads. The sample labels for each bar are on the left, with each 
letter (D-I) at the start of the label corresponding to a specific experiment (8 experiments including 
Original-1 and 2). (B) The bar shows the average number for each output group from all 14 STM 
U937 GT sequencing samples and was generated by the programme MultiQC. 
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5.2.2.2. GT vector removal from sequence reads leads to loss of mappable sequences 

In theory removing (“cutting”) GT vector sequences from the reads would make some read pairs 

more mappable, therefore, this was assessed empirically (see Appendix C) through a combination of 

low quality base trimming and cutting off exogenous GT vector sequences. In practice this led to the 

loss of a substantial number of read pairs that could be partially (one read per pair) and uniquely 

mapped to the human genome (referred to as single-mapped). Extensive read loss can lead to 

changes in differential gene representation if either the loss affects samples differently, or some 

genes are lost completely from representation. As substantially more reads could be uniquely 

mapped (including single-mapped reads) by simply trimming – Section 5.2.2.1 – in contrast to cutting 

and trimming, this was decided on as the best approach.  

5.2.3. Statistics of differentially represented human genes during STM 
infection and identification of the most significantly differentially 
represented genes 

NGS reads from STM U937 screen samples were trimmed to an average Phred of 20 (see Section 

5.2.2.1), mapped to the human genome (Appendix C, Section C.2) and bundled into transcripts 

before the number of transcripts per gene were counted (performed by the programme StringTie – 

see Appendix C, Section C.3). The gene counts were then in an appropriate format to determine 

differential GT fusion gene representation. 

To identify trapped genes that are differentially represented in the infected U937 GT library 

population compared to uninfected controls; the gene counts output from StringTie must be 

statistically analysed. Many tools are available for the statistical analysis of differential gene 

expression datasets, of which limma (Ritchie et al., 2015) was the one selected for this study. limma 

was originally made for microarray data but has been adjusted to accommodate RNA-Seq data with 

the voom function. limma has also been suggested for use with low sample numbers (Pertea et al., 

2016) and was built with that purpose in mind (Ritchie et al., 2015). The purpose-built online 

platform Degust (David Powell, 2015) was used to analyse the gene count data with limma as it is 

more accessible than Galaxy. 

When multiple comparisons are made from data in one experiment, adjustments to the statistical 

analysis must be made to account for this. A popular method controls the family-wise error rate, or 

the probability of finding false positives based on the number of comparisons made. Controlling the 

family-wise error rate becomes too conservative when applied to large numbers of comparisons 

such as Omics data, resulting in the loss of many positive hits (false negatives). An alternative 

method was proposed by Benjamini and Hochberg (1995) that adjusted the false discovery rate 

(FDR); which takes into account only those comparisons initially deemed significant (discoveries) 

rather than all the comparisons made. Two levels of selection using the FDR threshold were desired 

for different purposes, a stricter level (threshold of 0.1), for identification of genes to be taken 

through independent genetic and pharmacological validation; and a second more liberal level 

(threshold of 0.3) for a broader analysis of potentially important processes in host infection response 

or survival.  

5.2.3.1. Selection stringency #1: FDR threshold of 0.1 

A FDR threshold of 0.1 means that 10% of discoveries will be false positives (not true hits); such a 

threshold is useful for discovery screen analysis where the intention is to confirm any hits 

independently. This initial selection threshold indicated that 34 gene sequences were differentially 
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represented in infected vs control samples (Figure 5.8). Of these, trapped versions of C5orf60, 

TRIM60P14, MANSC1, SQLE, ENSG00000264918, ZNF770, LGALS12, and 8 others were significantly 

less represented on average in the infected samples compared to the controls. ENSG00000264918 is 

an Ensembl gene ID for a predicted microRNA transcript within an intron inside Cullin1. SERPINB2, 

SLC7A11, RPL15 and 16 others were significantly over-represented in the infected samples compared 

to the controls. The molecular functions of these genes are briefly described in Table 5.1. 

 

 

Figure 5.8 Successful identification of trapped genes that show a strong effect on U937 cell survival 
or death (FDR threshold of 0.1) as measured by read depth differences between Infected and 
Control samples across the six paired replicates. Volcano plot of significantly differentially 

represented genes identified from the STM U937 GT screen under the first level of selection. Mutant 

genes (dots) promoting survival in the infected population have positive values of log fold change 

(FC) plotted on the x axis and mutant genes reducing survival in the infected population have 

negative values of log FC. -log10 FDR plotted on the y axis indicates how significant the fold change 

(Infected, n=6 vs Control, n=6) is for a given mutant gene (experiment performed 6 times). Less 

significant mutant genes are in blue and the more significant ones are in red. The comparison 

analysis was achieved using limma: voom in Degust with a FDR threshold (Benjamini Hochberg 

correction) of 0.1. The top 10 trapped genes (in red) are labelled. 
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Table 5.1 Molecular function of differentially represented genes at a FDR threshold of 0.1. The 
Ensembl IDs are from the reference annotation provided to StringTie. The IDs are used to search for 
the gene sequence information on the Ensembl database http://www.ensembl.org/index.html 
(Cunningham et al., 2019), using Ensembl release 99 (January 2020). The molecular function 
information is obtained from the Ensembl and Uniprot databases https://www.uniprot.org/ (The 
Uniprot Consortium, 2019). The log2 fold change (FC) reports the average direction and magnitude of 
representation for infected samples (n=6) compared to the average of control samples (n=6). The 
data is from 6 experiments. The false discovery rate (FDR) column reports the p value adjusted for 
multiple testing. 

Ensembl gene ID Symbol Molecular function Log2 FC FDR 

ENSG00000204661 C5orf60 Uncharacterised protein -6.86 1.47E-05 

ENSG00000264918 miRNA 
(within 
CUL1) 

microRNA, Cullin1 (CUL1) is part of 
an E3 ubiquitin-protein ligase 
complex -3.98 9.93E-05 

ENSG00000198146 ZNF770 May be involved in transcriptional 
regulation -6.77 5.35E-04 

ENSG00000133317 LGALS12 Recognises glycan groups/PAMPs -3.75 1.08E-03 

ENSG00000151012 SLC7A11 Cystine/glutamate antiporter, a.k.a. 
xCT 3.42 1.73E-3 

ENSG00000197632 SERPINB2 a.k.a Plasminogen activator 
inhibitor-2 in extracellular form.  5.86 2.13E-3 

ENSG00000250227 TRIM60P14 TRIM60 Pseudogene -7.43 2.13E-3 

ENSG00000104549 SQLE Catalyses the stereospecific 
oxidation of squalene to (S)-2,3-
epoxysqualene in cholesterol 
synthesis pathway -4.40 3.87E-3 

ENSG00000111261 MANSC1 Contains a MANSC domain -4.31 6.25E-3 

ENSG00000174748 RPL15 Ribosomal Protein L15 3.47 1.67E-2 

ENSG00000103502 CDIPT CDP-Diacylglycerol--Inositol 3-
Phosphatidyltransferase 2.64 3.21E-2 

ENSG00000137819 PAQR5 Progestin and AdipoQ Receptor 
Family Member 5. Steroid binding -5.53 3.88E-2 

ENSG00000116459 ATP5F1 Mitochondrial ATP synthase subunit 3.23 4.50E-2 

ENSG00000185774 KCNIP4 Potassium Voltage-Gated Channel 
Interacting Protein 4 7.16 

4.50E-2 
 

ENSG00000084710 EFR3B EFR3 Homolog B. PI4K localisation to 
membrane -2.56 

4.69E-2 
 

ENSG00000090487 SPG21 CD4-binding activity -3.76 4.69E-2 

ENSG00000091157 WDR7 WD repeat protein family. Regulator 
of Rab3 small G proteins -5.73 4.69E-2 

ENSG00000134243 SORT1 Sortilin 1. Trafficking of vesicles -3.76 4.69E-2 

ENSG00000259488 lncRNA, 
antisense to 
DUT 

lncRNA, antisense to DUT 

-5.83 4.69E-2 

ENSG00000278259 MYO19 Myosin XIX. Actin-binding, 
mitochondrial localising 2.27 4.69E-2 

ENSG00000278372 MYO19 Myosin XIX. Actin-binding, 
mitochondrial localising 2.27 4.69E-2 

ENSG00000244247 LINC01995 lncRNA 6.29 5.04E-2 
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Ensembl gene ID Symbol Molecular function Log2 FC FDR 

ENSG00000136379 ABHD17C De-palmitoylating enzyme 5.66 5.19E-2 

ENSG00000280515 SALRNA2 Senescence Associated Long Non-
Coding RNA 2 7.95 5.19E-2 

ENSG00000054803 CBLN4 Cerebellin 4 Precursor. Neurexin 
signalling pathway 5.32 7.73E-2 

ENSG00000198804 MT-CO1 Mitochondrially Encoded 
Cytochrome C Oxidase I 4.50 7.73E-2 

ENSG00000224778 CENPIP1 Unprocessed pseudogene 
(centromere protein I pseudogene 
1) 2.58 7.73E-2 

ENSG00000224228 lncRNA 
overlaps 
TNFSF18 

lncRNA, TNFSF18 is a cytokine, it 
may control monocyte migration to 
sites of inflammation1 2.62 8.06E-2 

ENSG00000173085 COQ2 Coenzyme Q2, 
Polyprenyltransferase 7.40 8.13E-2 

ENSG00000235770 LINC00607 lncRNA -3.20 8.75E-2 

ENSG00000270276 HIST2H4B Histone 1.92 8.75E-2 

ENSG00000121964 GTDC1 Glycosyltransferase Like Domain 
Containing 1 5.52 8.83E-2 

ENSG00000226791 LINC02611 long intergenic non-protein coding 
RNA 2611 2.53 9.39E-2 

ENSG00000134028 ADAMDEC1 Disintegrin metalloproteinase family 
secreted from dendritic cells -2.81 9.63E-2 

 

In support of a successful outcome of this screen, a number of the genes listed in Table 5.1 have 

published evidence in support of a role in macrophage-pathogen interaction. The expression of 

LGALS12, a cell-surface galectin, which recognises carbohydrate species such as lipopolysaccharide 

(LPS), has been shown to change in the presence of PAMPs (Asiamah et al., 2019), and its deletion 

has been shown to promote macrophage differentiation in the M2 direction (Wan et al., 2016). 

The serine protease serpin family B member 2 (SERPINB2) has established intracellular roles in 

senescence (Sossey-Alaoui et al., 2019; X. M. Zhang et al., 2019) and inhibition of cell movement 

(Schroder et al., 2019a; X. M. Zhang et al., 2019), in addition to its extracellular role in the clotting 

pathway (Schroder et al., 2019b). SERPINB2 is upregulated in macrophages in response to LPS 

stimulation (Udofa et al., 2013) and it appears to promote macrophage polarisation towards an M2-

like phenotype (Schroder et al., 2019a; Zhao et al., 2013). Furthermore, its knockout increases 

inflammatory gene expression, including Nos2, Tnf and subsequent Tnf secretion in macrophages 

(Schroder et al., 2010). This suggests that SERPINB2 may function as a regulatory phenotype switch. 

NOS2 (which produces RNS) and TNF(α) are important in controlling STM infection (Eriksson et al., 

2003; Lahiri et al., 2008; Mastroeni et al., 2000; Pham et al., 2020; Stevanin et al., 2002); though 

perhaps the switch from an M2- to M1-macrophage phenotype and thus the loss of a replicative 

niche is most important (Saliba et al., 2016; Stapels et al., 2018). 

The cholesterol synthesis pathway enzyme squalene epoxidase, encoded by the SQLE gene, has been 

linked with resistance to Shigella and Salmonella infection when deleted in embryonic stem cells (Yu 

et al., 2009). 

The product of Cullin1 (CUL1) functions as part of a SKP1-CUL1-F-box protein (SCF) E3 ligase complex 

that ubiquitinates proteins, leading to their degradation (for review see Zhou et al., (2013)). The SCF 
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E3 ligase complex is an important regulator of cell cycle proteins (Burrows et al., 2012; Choudhury et 

al., 2017; Rechem et al., 2011; Rossi et al., 2013). SCF activity is prevented by bacterial effector Cycle 

inhibiting factor (Cif) (during enterohemorrhagic E. coli infection) through stabilisation of post-

translational protein modification of CUL1 (Morikawa et al., 2010). This halts cell cycle progression at 

G1 phase. Cif-mediated inhibition of CUL1 activity suggests that the activity is deleterious to the 

bacteria in some way. Indeed, NLRP3 inflammasome activation is inhibited by CUL1 independent of 

SKP1 (Wan et al., 2019). In macrophages NLRP3 activates the inflammasome in response to signs of 

cellular stress or injury, resulting in IL-1β and IL-18 secretion and pyroptosis (Compan et al., 2012; 

Franchi et al., 2007; Groß et al., 2016; Hornung et al., 2008; Muñoz-Planillo et al., 2013; Perregaux 

and Gabel, 1994; Pétrilli et al., 2007; Shimada et al., 2012; Zhou et al., 2011).  

Solute carrier family 7 member 11 (SLC7A11) encodes half of a high affinity ionic amino acid channel, 

xCT, specific for cystine and glutamate. Cysteine transport (in this case in an oxidised form - cystine) 

into the cell is a rate limiting factor in glutathione synthesis (a potent reducing agent) see Lewerenz 

et al., (2013) for a review. SLC7A11 was found upregulated in Chlamydia trachomatis infection 

(Dlugosz et al., 2014) and in Mycobacterium tuberculosis infected macrophages (Cai et al., 2016) to 

regulate the intracellular redox state. Moreover, Slc7a11-/- mice were more resistant to M. 

tuberculosis due to reduced glutathione levels attenuating intracellular ROS activity (Cai et al., 2016). 

Sort1-KO mice have higher Mycobacterium tuberculosis burdens (Vázquez et al., 2016). Additionally, 

the human orthologue is upregulated in sepsis patients and methicillin-resistant Staphylococcus 

aureus infected children (Gaviria-Agudelo et al., 2014; Ma et al., 2015). 

The product of WD repeat domain 7 (WDR7) regulates the formation of V-ATPase (Li et al., 2020), 

the protein complex that acidifies pathogen containing vacuoles (an important feature of host 

defence) (Kissing et al., 2018). 

5.2.3.2. Selection stringency #2: A reduced FDR threshold of 0.3 

A FDR threshold of 0.3 means that 30% of discoveries will be false positives (not true hits); this 

looser statistical selection reports more truly differentially represented mutated genes as well as 

false positives. Indeed, a similar infection discovery screen found that a FDR threshold of 0.2 

identified further hits that were confirmed in addition to those found at a threshold of 0.1 (Jeng et 

al., 2019); indicating that higher thresholds can identify additional ‘true’ discoveries. The mutated 

genes identified at this threshold will be put through further procedures such as gene ontology (GO) 

enrichment and induced network analysis, which look for patterns in the data. This pattern analysis 

may ameliorate the effect of false positives within the looser selection level by directing the focus of 

discovery onto genes fitting the broader pattern within the data. This selection level will additionally 

be used for comparison with a further screen in the same background (U937 cell line) but with a 

different pathogen as a selection agent (Section 5.3.4, 5.3.6) and with the previous GT screen in a 

HEK-293 background (Section 1.10). A further 50 genes were found differentially represented at this 

selection level in addition to genes identified at the stricter FDR threshold, all of which are displayed 

in the volcano plot in Figure 5.9. The molecular functions for the additional differentially represented 

genes are briefly described in Table 5.2. 
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Figure 5.9 Sequence analysis resolved 84 mutant genes differentially represented in the STM 
infected U937 GT population compared to the control at a more liberal FDR threshold (0.3). 
Mutant versions of genes sequences (dots) promoting survival in the STM infected population have 
positive values of log fold change (FC) plotted on the x axis and mutant genes reducing survival in the 
infected population have negative values of log FC. -log10 FDR plotted on the y axis indicates how 
significant the fold change (Infected, n=6 vs Control, n=6) is for a given mutant gene. Less significant 
mutant genes are in blue and the more significant ones are in red. The comparison analysis was done 
with Limma: voom in Degust with a FDR threshold (Benjamini Hochberg correction) of 0.3. 

 

Table 5.2 Molecular function of additional differentially represented genes at a FDR threshold of 
0.3 in STM infected U937 GT cells. At a FDR threshold of 0.3 these genes in addition to those in Table 
5.1 were identified as significantly differentially represented in the STM infected U937 GT population. 
The Ensembl IDs are from the reference annotation provided to StringTie. The IDs are used to search 
for the gene sequence information on the Ensembl database http://www.ensembl.org/index.html 
(Cunningham et al., 2019), using Ensembl release 99 (January 2020). The molecular function 
information is obtained from the Ensembl and Uniprot databases https://www.uniprot.org/ (The 
Uniprot Consortium, 2019). The log2 fold change (FC) reports the average direction and magnitude of 
representation for infected samples (n=6) compared to the average of control samples (n=6). The 
false discovery rate (FDR) column reports the p value adjusted for multiple testing.  1 TNFSF18 
function predicted due to similarity to mouse tnfsf18 (Liao et al., 2014). 

Ensembl gene ID Symbol Molecular function Log2 FC FDR 

ENSG00000125538 IL1B Interleukin 1B 4.44 1.10E-1 

ENSG00000147872 PLIN2 Perilipin 2. Coats lipid droplets in 
cells 4.99 1.10E-1 

ENSG00000198695 MT-ND6 Mitochondrially Encoded NADH: 
Ubiquinone Oxidoreductase Core 
Subunit 6 3.13 1.10E-1 

ENSG00000223561 LOC646588 Uncharacterised Protein-coding 
gene 1.69 1.10E-1 

ENSG00000229557 LINC00379 long intergenic non-protein coding 
RNA 379 -6.37 1.10E-1 
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Ensembl gene ID Symbol Molecular function Log2 FC FDR 

ENSG00000077514 POLD3 DNA Polymerase Delta 3, Accessory 
Subunit -2.13 1.11E-1 

ENSG00000140853 NLRC5 NLR Family CARD Domain 
Containing 5. Inflammasome 
pathway -3.15 1.13E-1 

ENSG00000163637 PRICKLE2 Prickle Planar Cell Polarity Protein 2 2.34 1.13E-1 

ENSG00000166862 CACNG2 Calcium channel. -5.70 1.13E-1 

ENSG00000006625 GGCT Gamma-Glutamylcyclotransferase. 
Glutathione metabolism 2.66 1.22E-1 

ENSG00000162782 TDRD5 Tudor Domain Containing 5 -6.22 1.22E-1 

ENSG00000155761 SPAG17 Sperm Associated Antigen 17. Cilia 
function 6.92 1.24E-1 

ENSG00000119917 IFIT3 Interferon Induced Protein With 
Tetratricopeptide Repeats 3 -2.76 1.28E-1 

ENSG00000272807 lncRNA, 
antisense to 
KANSL1L 

KANSL1L is a subunit of histone 
acetyltransferase 

2.17 1.28E-1 

ENSG00000004468 CD38 Transmembrane glycoprotein that 
synthesizes and hydrolyses cyclic 
adenosine 5'-diphosphate-ribose 2.53 1.33E-1 

ENSG00000176853 FAM91A1 Family With Sequence Similarity 91 
Member A1 -2.69 1.33E-1 

ENSG00000187688 TRPV2 Transient Receptor Potential Cation 
Channel Subfamily V Member 2. 
High temperature-detecting channel -2.38 1.33E-1 

ENSG00000223587 LINC01986 long intergenic non-protein coding 
RNA 1986 6.09 1.33E-1 

ENSG00000270948 MTDHP1 metadherin pseudogene 1 -5.92 1.33E-1 

ENSG00000277443 MARCKS Myristoylated Alanine Rich Protein 
Kinase C Substrate. Cell motility and 
phagocytosis 2.45 1.33E-1 

ENSG00000186417 GLDN Gliomedin. Nodes of Ranvier 
formation -3.63 1.33E-1 

ENSG00000238057 ZEB2-AS1 Antisense to Zinc Finger E-Box 
Binding Homeobox 2 -6.14 1.33E-1 

ENSG00000260586 lncRNA, 
intronic to 
THSD4 

THSD4 promotes Fibrillin-1 
extracellular matrix assembly, 
reduces TGF-β signalling -4.38 1.33E-1 

ENSG00000274461 lncRNA lncRNA -2.80 1.38E-1 

ENSG00000254275 LINC00824 long intergenic non-protein coding 
RNA 824 6.02 1.38E-1 

ENSG00000117682 DHDDS Dehydrodolichyl Diphosphate 
Synthase Subunit. Dolichol 
phosphate synthesis which allows 
glycosylation of proteins -2.06 1.48E-1 

ENSG00000253439 CDC42P5 cell division cycle 42 pseudogene 5 -3.53 1.52E-1 

ENSG00000102760 RGCC Regulator Of Cell Cycle 4.57 1.59E-1 

ENSG00000135241 PNPLA8 Patatin Like Phospholipase Domain 
Containing 8 2.08 1.59E-1 
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Ensembl gene ID Symbol Molecular function Log2 FC FDR 

ENSG00000149781 FERMT3 Fermitin Family Member 3. Cell 
adhesion 2.50 1.59E-1 

ENSG00000175147 TMEM51-
AS1 

Antisense transcript of TMEM51 
(Transmembrane Protein 51) -1.63 1.59E-1 

ENSG00000198786 MT-ND5 Mitochondrially Encoded 
NADH:Ubiquinone Oxidoreductase 
Core Subunit 5 2.51 1.59E-1 

ENSG00000226012 lncRNA 
(within 
KCNJ15) 

KCNJ15 is an ATP-sensitive inward 
rectifier potassium channel 

-4.07 1.59E-1 

ENSG00000231028 LINC00271, 
overlapping 
AHI1 

lncRNA, AHI1 is involved in vesicle 
trafficking and genesis of cillium 

1.86 1.59E-1 

ENSG00000129515 SNX6 Sorting Nexin 6. Intracellular 
trafficking -2.19 1.60E-1 

ENSG00000163704 PRRT3 Proline Rich Transmembrane 
Protein 3 2.62 1.79E-1 

ENSG00000173068 BNC2 Basonuclin 2  3.56 1.79E-1 

ENSG00000250999 NA lncRNA -3.37 1.89E-1 

ENSG00000132669 RIN2 Ras And Rab Interactor 2. 
Endocytosis -2.61 2.11E-1 

ENSG00000236819 LINC01563 lncRNA 6.83 2.11E-1 

ENSG00000185634 SHC4 SHC Adaptor Protein 4 1.95 2.12E-1 

ENSG00000228058 LINC01736 lncRNA 2.40 2.13E-1 

ENSG00000076043 REXO2 RNA Exonuclease 2. DNA repair 
pathway -2.24497 2.13E-1 

ENSG00000231740 NA lncRNA -4.28 2.19E-1 

ENSG00000133808 MICALCL MICAL C-Terminal Like. MAPK 
pathway, vesicle trafficking -6.33 2.21E-1 

ENSG00000100767 PAPLN Papilin, Proteoglycan Like Sulfated 
Glycoprotein. Peptidase activity -2.10 2.59E-1 

ENSG00000117242 PINK1-
antisense 

PINK1 is a Serine/threonine-protein 
kinase, it shields against 
mitochondrial dysfunction 
throughout cellular stress 2.94 2.59E-1 

ENSG00000131446 MGAT1 Begins the formation of complex N-
linked carbohydrates 2.29 2.59E-1 

ENSG00000198431 TXNRD1 thioredoxin reductase activity, 
effect is isoform dependent, e.g. 
mediates cell death, promotes actin 
and tubulin polymerization 3.08 2.59E-1 

ENSG00000100292 HMOX1 cleaves the heme ring at the alpha 
methene bridge to form biliverdin, 
cytoprotective in excess free heme 
conditions 2.04 2.80E-1 
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Within these differentially represented gene sequences are a few with previously described 

involvement in infection or immune responses, indicating potential genuine hits outwith the initial 

FDR threshold. For example, the cytokine IL-1β (IL1B) is a well-known product of macrophage 

inflammasome activation in response to Salmonella infection (see Bierschenk et al., (2017) for 

review) and the trapped version of the IL1B gene was identified as significantly overrepresented at 

the looser FDR threshold. In addition to secreting IL-1β, macrophages respond to exogenously 

applied IL-1β with Interferon regulatory factor 3 (IRF3) activation, production of IRF3 response genes 

and multiple positive regulators of programmed cell death (Aarreberg et al., 2019). The action of IL-

1β in priming the host cell for programmed cell death fits with an improved survival advantage for 

cells with reduced functional IL1B expression in an environment stimulating IL-1β production. 

Trapped Interferon-induced protein with tetratricopeptide repeats (IFIT) 3 (IFIT3) was identified as 

significantly underrepresented within the looser FDR threshold. IFIT3 is expressed in response to LPS 

stimulation  (Billing et al., 2011; Øvstebø et al., 2008) or IRF3 activation (Ashley et al., 2019; 

Grandvaux et al., 2002) indicating an indirect connection to IL-1β activity. IFIT3 inhibits apoptosis 

promoting IFIT 2 (IFIT2) activity – another protein expressed in response to IRF3 activation (Guinn 

and Petro, 2019; Nakaya et al., 2001). The anti-apoptotic activity of IFIT3 fits with the data presented 

here suggesting a reduced survival advantage with reduced functional IFIT3 expression. Additionally, 

ifit3 expression is directly associated with Borrelia burgdorferi and Helicobacter pylori infection in 

mouse and rat, respectively (Petzke et al., 2016; Yang et al., 2020). 

Further differentially represented trapped genes identified within the looser FDR threshold for which 

functional versions have associations with infection response are sorting nexin-6 (SNX6) and 

Myristoylated alanine-rich C-kinase substrate (MARCKS). The SNX6 protein sorts membrane proteins 

from early endosomes to the trans Golgi network – see Bonifacino and Hurley, (2008) for review. It is 

thought to be an important part of the delivery of acid hydrolases to the lysosomes, allowing for 

effective degradation of the contents (Seaman, 2018; Simonetti et al., 2019; Yong et al., 2020). 

Indeed, snx6 knockdown in Drosophila melanogaster cells prevents effective autophagy (Maruzs et 

al., 2015). This theory fits with the underrepresentation of the trapped gene (which suggests that 

having one mutated copy reduces survival during STM infection). Besides this, the SNX6 protein is 

hijacked by pathogen proteins during infection with Listeria monocytogenes (David et al., 2018) or 

Chlamydia trachomatis (Paul et al., 2017; Sun et al., 2017) and its abundance is reduced during STM 

infection (Shi et al., 2009); suggesting that it may have an important function in the immune 

response. 

MARCKS regulates inflammatory cytokines in response to Streptococcus infection (Q. Zhang et al., 

2019) or LPS stimulation (Lee et al., 2015) and its phosphorylation is associated with B. thailandensis 

survival within host cells (Micheva-Viteva et al., 2017); though its role in STM infection is unknown. 

A total of 18 predicted long noncoding RNAs (lncRNAs) and 3 antisense transcripts have been 

reported as differentially represented in the STM U937 screen (Table 5.1 and Table 5.2). Many 

lncRNAs and antisense transcripts have been characterised with roles in gene expression regulation, 

see Kopp and Mendell, (2018) for review. However, characterising the function of predicted lncRNAs 

and antisense transcripts identified here is out the intended scope of this work, as they are difficult 

to query and cannot be pharmacologically targeted through traditional methods. The functional and 

biological relevance of many predicted lncRNAs is ambiguous, therefore, where reported 

uncharacterised lncRNAs and antisense transcripts are present within the proximity of a protein 

coding gene, it is the latter that is interrogated further (as in Section 5.2.4). 
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5.2.4. Gene ontology analysis of STM screen-derived genes 

A gene set enrichment analysis was performed to aid identification of biological processes that are 

important in the infection process. Gene set enrichment analysis (a type of gene ontology, GO) 

determines if associated gene ontology process or component terms are statistically enriched in the 

sample dataset compared to a reference dataset. GO process terms are labels for biological 

outcomes, which are as specific as “positive regulation of intrinsic apoptotic signalling pathway in 

response to hydrogen peroxide” or as broad as “response to stimulus” (Thomas, 2017). GO 

component terms refer to a cellular location in relation to cellular or macromolecular structures 

association with a given gene product. 

Characterised genes have associated gene ontology terms, which are held in a central gene ontology 

database http://geneontology.org/ (The Gene Ontology Consortium, 2019; The Gene Ontology 

Consortium et al., 2000). The associations are updated frequently within the database in response to 

new scientific literature. Many tools offering gene set enrichment analysis are available, but the 

methods, accessibility, output, and tool-to-database update regularity vary. GOrilla http://cbl-

gorilla.cs.technion.ac.il/ (Eden et al., 2009, 2007) was chosen for use, allowed a gene list to be 

compared to a provided reference list, was available online, provided the output in an informative 

manner and was updated monthly. 

The protein coding genes within whole genome can typically be used as a reference list. However, 

the total number of open reading frames (including non-coding RNAs and transcript readthroughs) 

represented in the gene trap library was 15,449 (calculated as all Ensembl ID entries detected with a 

read count of one or more), approximately two-thirds of the human genome. A comparison of gene 

hits to the list of these represented open reading frames (rather than to the whole genome) makes 

more scientific sense, as well as reducing unnecessary multiple testing, and was applied in the 

analysis. 

Input lists of over- and underrepresented trapped genes were curated consisting of distinct genes 

from the looser threshold (Table 5.1 and Table 5.2) without lncRNAs, pseudogenes or entries which 

lacked an official gene symbol, as none of these are recognised by GOrilla. Additionally, antisense 

transcripts for three genes were differentially represented at the more liberal threshold (Table 5.2), 

and these were replaced with official gene symbols for the complementary coding genes. Similarly, 

some lncRNAs present in the differentially represented list were located within or overlapped 

protein coding genes (Table 5.2), in such cases the former was replaced with the latter. Where the 

affected lncRNA overlaps a protein coding gene, the latter may also have been affected (which is of 

more interest than the lncRNA itself). 

The GO processes ‘response to oxidative stress’, ‘smooth muscle adaption’, ‘electron transport 

chain’ as well as the GO components ‘organelle inner membrane’ and ‘astrocyte projection’ were 

enriched at an FDR threshold of 0.1 in the overrepresented trapped gene list (Table 5.3). However, 

no GO processes or components were enriched at a threshold of 0.1 FDR for the underrepresented 

trapped gene list, even though the list was of a comparable size to the overrepresented one. The low 

number of genes associated with, and the inappropriate biological context of, the GO processes 

‘smooth muscle adaptation’ and ‘astrocyte projection’ indicate that they are unlikely to be 

biologically relevant. Where the majority of associated input genes are shared between identified 

GO terms (as is the case for ‘response to oxidative stress’, ‘electron transport chain’ and ‘organelle 

inner membrane’), inferences about the specific processes should be taken with care, as one or the 

other may not be relevant. In this case, the reduced availability of proteins of input genes 

highlighted below may be disrupting the electron transport chain as well as reducing the oxidative 
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stress response (see analysis below for further detail). The number of input trapped genes 

associated with ‘response to oxidative stress’ and ‘electron transport chain’ respectively, with low 

FDR q values (a multiple testing adjusted p-value) are good indications that one or more of these 

processes is genuinely important in STM-infected U937 cells. 
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Table 5.3 Gene Ontology enrichment analysis of a lower stringency selection of 35 
overrepresented mutant genes identified enriched GO terms including the GO process ‘response 
to oxidative stress’. GO process and component terms enriched in the queried list of 35 protein 
coding genes compared to the GT library background (15,466 distinct open reading frames including 
those of uncertain function with a gene count ≥1 in at least one sample). Of 9019 recognised genes 
(queried and background open reading frames), 8,143 were associated with a GO term. The q-value 
is the Benjamini and Hochberg (1995) corrected version of the p-value after testing for 12974 GO 
terms. Trapped protein coding genes overrepresented (with a FDR less than 0.3) in STM-infected 
samples were entered into the GOrilla (Gene Ontology enRIchment anaLysis and visuaLizAtion tool) 
website http://cbl-gorilla.cs.technion.ac.il/ with GT library background open reading frames as 
Ensembl IDs to ensure GOrilla recognised a greater proportion of the protein coding genes. Ensembl 
IDs for overrepresented non-coding RNAs within or overlapping protein coding genes were replaced 
with the associated protein coding gene Ensembl ID before the GOrilla search. Process, function and 
component ontologies were searched using default settings, though no function ontologies were 
found enriched. Only GO terms which had an FDR q-value of 0.1 or less were retained. This is derived 
from 6 experiments. 

GO Term Description FDR q-
value 

Enrichment Genes 

GO:0006979 
(Process) 

response to oxidative 
stress 

4.00E-3 11.4 PINK1, CD38, SLC7A11, 
MT-ND5, HMOX1, MT-
CO1, TXNRD1, MT-ND6 

GO:0014805 
(Process) 

smooth muscle adaptation 9.10E-2 263 HMOX1, IL1B 

GO:0022900 
(Process) 

electron transport chain 8.20E-2 14.8 PINK1, MT-ND5, MT-
CO1, TXNRD1, MT-ND6 

GO:0019866 
(Component) 

organelle inner membrane 7.70E-2 7.33 PINK1, ATP5F1, MT-ND5, 
COQ2, MT-CO1, MT-ND6 

GO:0097449 
(Component) 

astrocyte projection 6.00E-2 105 PINK1, SLC7A11 

 

5.2.4.1. GO Process - Electron transport chain 

The electron transport chain (ETC) couples the TCA cycle with oxidative phosphorylation, allowing 

the efficient transfer of energy from fuel sources such as glucose and fatty acids to ATP. In resting 

macrophages Nicotinamide adenine dinucleotide + hydrogen (NADH)-ubiquinone oxidoreductase 

(complex I) transfers electrons from NADH to ubiquinone and succinate dehydrogenase (complex-II) 

transfers electrons from reduced flavin adenine dinucleotide (FADH2). Inoculation of BMDMs with 

live E. coli or STM or M1 polarisation of macrophages dysregulates the ETC (Garaude et al., 2016; Jha 

et al., 2015), causing excess production of mROS (Chouchani et al., 2014; Guarás et al., 2016; Jin et 

al., 2014; Lapuente-Brun et al., 2013; Lopez-Fabuel et al., 2016). Reducing the number of active 

complex I also increases mROS (Arena et al., 2018; Jin et al., 2014; Lopez-Fabuel et al., 2016; 

Pignataro et al., 2017) and reducing the expression of Cytochrome c Oxidase (complex IV) would 

likely have the same effect (Chouchani et al., 2014; Guarás et al., 2016; Lapuente-Brun et al., 2013).  

Excess mROS reduces intracellular bacterial burden (Roca and Ramakrishnan, 2013; West et al., 

2011), but the mechanisms for this remain enigmatic. mROS may be directly bactericidal (Heijden et 

al., 2015; West et al., 2011), induce proinflammatory gene expression (Bulua et al., 2011; Jin et al., 

2014), or promote inflammasome-assisted host cell death (Groß et al., 2016; Shimada et al., 2012; 
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Zhou et al., 2011). The latter mechanism of mROS-mediated reduction of bacterial burden does not 

fit with the results presented here, so will be discounted in this case. 

Trapped versions of genes encoding subunits of complex I – Mitochondrially Encoded NADH-

Ubiquinone Oxidoreductase Core Subunit 5 (MT-ND5), Subunit 6 (MT-ND6) – as well as a gene 

encoding a core subunit of complex IV –  Mitochondrially Encoded Cytochrome C Oxidase I (MT-CO1) 

were overrepresented in the STM U937 screen. The trapped genes Phosphatase And Tensin 

Homolog (PTEN) Induced Kinase 1 (PINK1), and TXNRD1 were also found overrepresented in the 

U937 GT population after STM infection. The gene trap cassette inserts at sufficiently low frequency 

that it can be assumed that only one mutation will occur in a given mutated cell. If the mutated gene 

is present on an autosome (Panning, 2008), mutating one copy of two will likely result in a reduction 

of gene and protein expression rather than a complete cessation of function. It is possible that 

expression from the remaining functional copy is upregulated to compensate, but this is unlikely to 

produce any signal in a gene trap screen (Zhipeng Ma et al., 2019). 

Reduced protein expression from any of MT-ND5, MT-ND6, MT-CO1, PINK1 and TXNRD1 likely either 

leads to mROS production (Morais et al., 2014; Narendra et al., 2010) or reduces the redox buffer 

(thus increasing general cellular oxidation)(Nalvarte et al., 2004). MT-ND5, MT-ND6, MT-CO1, PINK1 

and TXNRD1 all are associated with the GO process ‘electron transport chain’ (Table 5.3). 

5.2.4.2. GO Process - Response to oxidative stress 

The gene ontology enrichment analysis in Table 5.3 indicates that the host oxidative stress response 

is a focus of mutations that promote host cell survival during STM infection. In response to oxidative 

stress, human cells activate a series of stress responses to return the intracellular environment back 

to a homeostatic balance. MT-ND6, MT-CO1 and CD38 molecule (CD38, aka adenosine diphosphate 

(ADP)-ribosyl cyclase/cyclic ADP-ribose hydrolase 1) transcription are repressed (Arena et al., 2018; 

Crawford et al., 1997; Ozawa et al., 2007; Yu et al., 2020), Cystine transporter (e.g. xCT, of which 

SLC7A11 is a subunit) activity is enhanced (Bannai et al., 1989; Dun et al., 2006; Li et al., 1999) and 

HMOX1 gene expression is upregulated (Alam et al., 1999, 1994; Choi and Alam, 1996). Furthermore, 

PINK1 protein levels are stabilised in response to pharmacological inhibition of ETC complex I 

(Xuejing Wang et al., 2014). Under conditions of intracellular oxidative stress, TXNRD1 reduces 

oxidised forms of ubiquinone (Xia et al., 2003), thioredoxin as well as other antioxidants, thus 

replenishing these important redox buffers, see Lu and Holmgren, (2014) for review. 

The same genes (MT-ND5, MT-ND6, MT-CO1, PINK1, TXNRD1) as those associated with the GO 

process ‘electron transport chain’ are also associated with the GO process ‘response to oxidative 

stress’, as well as three others CD38, SLC7A11 and HMOX1 (Table 5.3). The effect of reducing the 

number of ETC complex I (MT-ND5, MT-ND6) and complex IV subunits (MT-CO1) on mROS, and the 

effect of increased mROS on bacterial burden, are both described above in Section 5.2.4.1. 

Heme, the substrate of HMOX1, can be a source of oxidative stress, such that excessive exposure of 

heme to HMOX1 deficient cells causes cell death (Yachie et al., 1999). Nevertheless, Hmox 

knockdown in Raw cell line mouse macrophages have lower STM burden, potentially due to the 

resulting increased oxidative stress (Mitterstiller et al., 2016; Silva-Gomes et al., 2013). CD38 

controls intracellular calcium signalling through cleavage of NAD+ to produce the signalling molecule 

cyclic ADP ribose, see Lee (2006) for review. CD38-/- promotes resistance to oxidative stress (e.g. 

H2O2 injury), potentially through the increase of the redox buffer, NAD+ (Ge et al., 2010; Xiao et al., 

2018). As SLC7A11 is part of a cystine-glutamate transporter, it regulates the production of 

glutathione, a cellular antioxidant. Glutathione is used as a further redox buffering system to control 

ROS mediated damage.  
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The reduced gene expression (and activity) of these enzymes and antiporter as a result of trapping a 

single allele of each is an increased oxidising intracellular environment, which will reduce bacterial 

burden (Roca and Ramakrishnan, 2013; West et al., 2011). 

5.2.5. Intergenic trapped sequences with altered representation after 
infection were identified using de novo transcript assembly 

Within the reference-based transcript assembly used in the original analysis, the definition of the 

extent of a gene is strictly tied to the official reference transcript information provided; therefore, 

incomplete transcripts are discarded as aberrant. As trapped gene transcripts are inherently 

‘incomplete’, this transcript assembly method requires known transcripts to be assembled from 

reads generated from one or, more likely, multiple ‘incomplete’ real transcripts. De novo 

transcriptome assembly can partially avoid this pitfall by instead attempting to identify all potential 

transcripts found within the sequencing files. A flow chart of the processes required for this analysis 

is presented in Figure 5.10. 

De novo transcriptome assembly has the potential to incorporate sequences generated from non-

canonical GT cassette insertion that would not normally be counted. Random GT mutation usually 

results in GT cassette insertion into an intron of a gene and a fusion transcript is created starting 

with the GT cassette spliced to the following exon. Sometimes the GT cassette is inserted into an 

intergenic sequence, but the cell still survives antibiotic selection indicating that a successful splice 

event must have occurred. Such transcripts are mechanistically harder to explain but may still act in 

a mutagenic fashion. In some cases, the GT cassette may aberrantly splice to a sequence similar to 

an exon - previously described in (Gow et al., 2013) - but in so doing, disrupts the function of a 

gene’s regulatory sequence such as an enhancer. An assumption was made that an intergenic 

sequence present at statistically greater or lower frequency in infected samples compared to control 

samples would have functional relevance. De novo transcript assembly is documented for use in 

building previously unidentified alternative transcript isoforms in less studied contexts in model 

organisms as well as species without reference genomes (Hölzer and Marz, 2019; Pertea et al., 2016, 

2015); therefore, some heuristic optimisation was required to fit it to our purposes. 

De novo transcriptome assembly requires a reference to be built using a distinct list of all transcripts 

across all samples under study. Adding an official reference genome during transcriptome assembly 

(performed by StringTie merge) allows the subsequent StringTie runs to assemble known transcripts 

more accurately than it could otherwise. The de novo-built reference (rather than an official 

transcriptome reference) is used to guide the assembly of ‘transcripts’ in a second round of 

transcript assembly and gene sequence counting (in StringTie). Each distinct transcript is given a 

unique “MSTRG” identifier, allowing comparison between control and infected samples. Based on 

these hypotheses, de novo transcript assembly would be predicted to identify a mixture of intergenic 

sequences and alternative transcript isoforms of previously identified genes. The programmes used, 

their functions and the references implemented are presented in Figure 5.10. 
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Figure 5.10 Flow chart of processes used to identify over- or underrepresented trapped intergenic 
sequences and additional overrepresented genes in control vs infected U937 GT cells through de 
novo transcript assembly. Flow chart of processes undertaken to achieve a list of over- or under- 
represented sequences in control vs infected samples. Blue arrows indicate the processes performed 
to generate a de novo reference file from distinct transcripts in all samples. Green arrows indicate 
processes performed after this reference was incorporated into the analysis. (Adapted from Yiwen 
Ding project dissertation, 2019). 

 

Within the dataset, the defined genomic regions displaying a bias in representation often contained 

a gene which may be genuinely disrupted (as described in Table 5.4) or functionally perturbed by 

local gene trap vector insertion. To assess the potential for these latter cases, up- and downstream 

genes as well as the relative locations to the biased genomic region are additionally reported (Table 

5.4). There are a number of disrupted gene overlaps with the prior conventional analysis (e.g., SQLE 

and C5ORF60) because conventional GT transcripts were not actively removed. Other disrupted 

genes identified with this method may have been missed by the previous reference-based analysis 

(see Appendix C, Section C.3) due to the strict use of the open reading information provided by the 

reference library (by StringTie) to define a gene’s extent. By the nature of a complete GT transcript, 

it is likely to start part through a gene. 
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Table 5.4 Intergenic mutant transcripts with altered representation in STM-infected samples. A de novo method of transcriptome assembly to identify 

additional trapped sequences with altered representation. These might be formed from GT cassette insertion into intergenic regions spliced with open 

reading frame-like sequences; or aberrantly spliced transcripts produced by GT cassette insertion. The MSTRG identifier refers to a ‘gene’ locus identified as 

significantly over or underrepresented in control samples compared to infected. These are defined by gene coordinates in the centre of the table. Directly 

disrupted genes are listed to the left. Known genes lying up or down-stream of the MSTRG location are listed, together with their distances from the MSTRG. 

It is proposed that these proximal genes could be indirectly perturbed in expression by the gene trap insertion. Note that the fold change presented here is in 

the inverse direction (control, n=6 vs infected, n=6) to that presented in Section 5.2.3. 1Log FC of averaged Control samples. Data from 6 experiments. 

(Adapted from Yiwen Ding’s project dissertation). 

MSTRG Disrupted gene Upstream gene distance Upstream gene Coordinates Downstream gene 

Downstream gene 

distance Log FC1 Adj. p-value 

11443 SQLE 

  

chr8:125,016,629-125,024,243 

  

4.51 7.10E-3 

10644 CTTNBP2 

  

chr7:117,713,682-118,232,581 LSM8 110700 8.90 7.10E-3 

5218 

 

40000 KCNF1 chr2:10,787,757-11,215,256 FLJ33534 48000 4.58 7.10E-3 

9190 C5orf60 

  

chr5:179,639,543-179,660,461 AC136604.3 2774 7.82 7.10E-3 

11316 VPS13B 

  

chr8:99,511,093-99,516,238 

  

7.54 7.10E-3 

8108 

AL136537 

NWD2 

  

chr4:36,876,010-37,515,509 

  

-7.31 7.10E-3 

9674 SIM1 

  

chr6:100,351,929-100,446,802 

  

3.14 1.46E-2 

1865 C11orf49 

  

chr11:46,922,094-47,082,011 

  

1.90 1.66E-2 

7615 GSK3B 

  

chr3:119,960,133-120,061,238 

  

-4.14 1.82E-2 

2787 

 

88415 DIAPH3 chr13:60,028,959-60,675,558 TDRD3 -55390 7.75 2.32E-2 

9877 SAMD5 

  

chr6:147,549,928-147,599,107 

  

-7.58 2.45E-2 

243 KIF2C 

  

chr1:44,751,991-44,756,828 

  

4.15 2.83E-2 

4149 

HSBP1, MLYCD, 

CDH13, OSGIN1 

  

chr16:83,543,584-84,165,683 

  

-7.46 2.83E-2 

4015 TENT4B 16270 HEATR3 chr16:50,074,980-50,222,388 

  

1.97 2.83E-2 
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MSTRG Disrupted gene Upstream gene distance Upstream gene Coordinates Downstream gene 

Downstream gene 

distance Log FC1 Adj. p-value 

3895 CLEC19A 

  

chr16:19,309,185-19,315,184 

  

2.82 2.83E-2 

6809 SLC6A6P 

  

chr21:19,220,149-19,297,246 

  

-9.09 3.30E-2 

4622 FHOD3 

  

chr18:36,338,580-36,501,382 

  

1.09 3.60E-2 

4392 TEX2 

  

chr17:64,195,027-64,204,160 

  

4.85 4.46E-2 

11923   160125 SMC2 chr9:104,109,451-104,693,208 OR13F1 3846 7.69 4.46E-2 
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Of the newly identified, putatively disrupted, genes Vacuolar Protein Sorting 13 Homolog B (VPS13B) 

is associated with Cohen Syndrome, which features persistent minor infections among its numerous 

pathologies (Duplomb et al., 2019). GSK3B encodes a kinase that has recently been described as a 

key host infection factor for STM, as it promotes M2 polarisation through STAT3 activation (Gibbs et 

al., 2020; Panagi et al., 2020). Of its more well-known targets is beta catenin, as well as numerous 

others. Beta catenin, in turn, is known to regulate the distribution of cell adhesion molecules of the 

cadherin type, such as cadherin 13 (CDH13) also discovered here. CDH13 has previously been 

identified as a host resistance factor against the malaria parasite, as has delta catenin (Mackinnon et 

al., 2016). Furthermore, avian Cdh13 has an allele that offers protection against Campylobacter 

jejuni infection (Connell et al., 2013) and a CDH13 variant in the Korean population protects against 

tuberculosis infection (Hong et al., 2017). C-Type Lectin Domain Containing 19A (CLEC19a) has been 

genetically linked to chronic periodontitis (Offenbacher et al., 2016). 

This de novo transcriptome-based analysis additionally identified cortactin binding protein 2 

(CTTNBP2) as a disrupted gene. CTTNBP2 causes microtubule bundling in the dendrites of neurons for 

the generation of dendrite projections (Chen et al., 2012; Shih et al., 2014). The overrepresented 

StringTie bundled GT transcripts mapped to a nearly 600,000 bp region encompassing the majority of 

this gene, the subsequent downstream gene LSM8, as well as the intervening intergenic space. The 

expression of the CFTR gene (part of a postulated host response network based on literature analysis, 

Chapter 1) is dependent on multiple intronic and intergenic regulatory regions, one of which appears 

to be located in an intron of CTTNBP2 (Ott et al., 2009; Zink et al., 2004). Altered regulation of CFTR 

gene expression stimulating an increased host cell survival advantage during STM infection as a result 

of the disruption of an intronic regulatory element seems plausible. 

 

5.3. Bioinformatics analysis of the F. tularensis subsp. holarctica live 
vaccine strain (LVS) infection-host cell survival screen using the 
U937 gene trap library 

The NGS files for the second screen using F. tularensis LVS as the infectious agent were received with 

the quality assessment data from Glasgow Polyomics. The infection, RNA extraction and molecular 

processing prior to sequencing to generate this data is described in Chapter 4.  

5.3.1. Raw DNA sequence quality assessment 

Raw next generation sequence data from the LVS screen was returned with an initial quality 

assurance analysis using FastQ Screen and FastQC before collapsing the quality results generated 

into graph form with MultiQC. The equivalent graphs presented for the STM screen are presented 

here (Figure 5.11). The vast majority of reads are more than 70 bp long (Figure 5.11A) as expected. 

Most of the reads have a Phred score of ≥ 30 (Figure 5.11B), with a similar quality distribution to that 

found in the STM screen. Approximately 40% of reads are uniquely human (Figure 5.11C), about 25% 

are vector sequences, about 30% match multiple of the genomes tested (including human) and a 

small remaining proportion do not match any genome. This is comparable to the STM screen (Figure 

5.4), and is acceptable. The range (about 15-70%) and overall shape of the per sequence GC content 

(Figure 5.11D) is similar to that generated by the STM screen. GT vector and primer sequences were 

found to cause the abnormally broad distribution as well as some of the sharp peaks in the GC 

content of sequences in the STM screen (Appendix C); thus this is likely the case for the LVS screen 
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also. The percentage of overrepresented sequences as a proportion of the total number of reads per 

sample ranges from less than 9% (A- passage control) to over 13% (C-Infected) (Figure 5.11E). The 

topmost overrepresented sequence ranges from 3-6% across the samples. The percentage of total 

overrepresented sequences found in the raw LVS screen sequence files is less than that found in the 

raw STM screen sequence files (Figure 5.6). To get an impression of the identity of these 

overrepresented sequences, the FastQC data from a single sample file (B-Control forward) was 

compared to likely contaminant sequences. All reported overrepresented sequences for the raw 

sequence file were cDNA synthesis primer and GT cassette sequences (data not shown). On the basis 

of these graphs, the quality of the raw sequence files is comparable to the raw sequence files from 

the STM screen and are of sufficient quality to take forward. 
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Figure 5.11 Raw NGS read quality for U937 GT library F. tularensis LVS screen is comparable to NGS read quality from U937 GT library STM screen. 
Quality checks on raw NGS reads from U937 GT library F. tularensis LVS screen performed by Glasgow Polyomics and collated by MultiQC. Sequence length 
distribution, A, Per sequence quality (Phred) scores, B, FastQ Screen, C, Per sequence GC content, D and Overrepresented sequences, E, provided by FastQC 
(unless specified otherwise). Additional reference libraries were provided by FastQ screen to match to NGS reads, the vector reference library is in pink, 
otherwise the colours match those in the legend of Figure 5.4. The settings and colour coding for A, B, D and E are the same as those used in Figure 5.3A, B, 
Figure 5.5, Figure 5.6. Samples (n=8 for all) are represented by single lines, A, B, D, or horizontal bars, C and E. 
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5.3.2. Quality processing 

Quality trimming (to Q20) and minimum length filtering (≥20 bp) was performed with Trimmomatic 

as described in Section 5.2.2.1 for the STM screen sequences. Surviving read pairs averaged at just 

under 25 million (Figure 5.12), which is not as many as those surviving for the STM screen (Figure 

5.7B). The Trimmomatic paired output was used for the subsequent analysis. 

 

 

Figure 5.12 Q20 trimmed and filtered LVS U937 screen sequencing samples retain more than 20 
million surviving read pairs for genome alignment. Raw sequencing files trimmed to an average 
Phred of 20 (Q20) per 4 bases using the sliding window operation before filtering for reads longer 
than 20 bases in Trimmomatic. Trimmomatic separates surviving reads into those in a complete pair, 
forward only reads and reverse only reads. The bar shows the average number for each output group 
from all infected and control LVS U937 GT sequencing samples (total n=8) and was generated by the 
programme MultiQC. 

5.3.3. Comparison of GT library representation between different passages of 
the GT library – greater passage number expected to affect 
representation 

Alignment to the genome was performed with HISAT2, transcripts were assembled and counted with 

StringTie as performed for the STM screen analysis (software preferences can be found in Chapter 

2). Experiment A of the F. tularensis U937 GT screen was performed with GT library cells at passage 

11 compared to Experiments B-D which were performed with passage 3 library cells. The genetic 

representation of the library is expected to diverge and reduce with increasing passage number due 

to phenotypic differences in replication speed and fragility/ changes in vitality deriving from differing 

genotype. If the gene representation between uninfected and infected GT populations were 
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statistically analysed inclusive of a divergent GT library population (potentially Experiment A) 

infection relevant genes might be obscured. However, this must be balanced against the 

contribution in statistical power that a fourth biological replicate would provide (if Experiment A 

were included). 

The specific effect of 8 additional passages on the library representation was unknown, therefore, a 

comparison between the Experiment A gene counts and the gene counts from Experiments B-D was 

required. The gene count data output from StringTie for Experiment A (passage 11) control was 

compared to B, C and D controls to identify how different Experiment A control data was from the 

other control samples. To do this the gene counts per gene were averaged with or without 

Experiment A for the control group before subtracting from the other. Upon examination of the data 

there was a visible difference between the gene count averages with and without Experiment A 

(data not shown). The potential reason for this is that mutations reducing proliferation or survival 

during normal monocyte culture might become underrepresented and vice versa. Additionally, 

stochastic variation in U937 replication and cell death could account for comparative under- and 

overrepresentation in the GT library prior to infection, and a greater passage number allows greater 

time for these effects to occur. Therefore, Experiment A data was excluded from the subsequent 

differential comparison. 

 

5.3.4. Identified Genes of Interest 

For small sample sizes, estimating the variation per transcript is difficult and various tools to 

statistically analyse count data have been designed to account for this (Robles et al., 2012; 

Seyednasrollah et al., 2015; Soneson and Delorenzi, 2013); including limma voom (Law et al., 2014). 

limma: voom performs well with 3 replicate samples per group and produces a lower rate of false 

positives when the FDR threshold is increased compared to other tools (Seyednasrollah et al., 2015; 

Soneson and Delorenzi, 2013). Based on this, the tool was retained as the method of choice for 

statistical analysis of gene counts for the F. tularensis U937 GT screen dataset. The mutated gene 

sequences identified as differentially represented in this screen at an FDR threshold of 0.3 are 

presented in Figure 5.13. 
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Figure 5.13 F. tularensis differentiated U937 GT library screen resolves 1,867 mutant gene 
sequences differentially present in infected U937 population. Mutant versions of genes (dots) 
promoting survival in the infected population have positive values of log fold change (FC) plotted on 
the x axis and mutant genes reducing survival in the infected population have negative values of log 
FC. -log10 FDR plotted on the y axis indicates how significant the fold change (Infected vs Control) is 
for a given mutant gene. Less significant mutant genes are in blue and the more significant ones are 
in red. The comparison analysis was achieved using limma: voom in Degust with a false discovery 
rate threshold (Benjamini Hochberg correction) of 0.3. n= 3 per group. Volcano plots like this one, 
Figure 5.8 and Figure 5.9 tend towards a parabola – this one is more clearly parabolic, likely due to 
the greater number (>20 x) of genes identified as significant by limma. 

limma: voom compares average log fold change (FC) values per treatment group (mock-infected, 

infected), which may obscure large differences between experiments. An examination of log FC 

values between infected and mock-infected samples from each experiment for genes presented in 

Figure 5.13 showed a large amount of variation between experiments (in several cases only 2 of 3 

experiments agreed in the direction of the fold change). In other cases, the log FC was due to very 

small changes in gene count at low numbers. The high count dispersion in the upper group per gene 

(e.g. ENSG00000225744) is concerning, given the small number of replicates; especially as limma 

struggles with comparisons between groups with differing amounts of dispersion (Soneson and 

Delorenzi, 2013). A similar amount of variation for some genes was seen in the STM screen (data not 

shown) though the higher replicate number provided a clear indication of what the inherent 

biological dispersion was. With lower numbers of biological replicates, what is biological variation or 

experimental noise is less clear. 

To identify those genes which had more consistent differences in mutant gene representation, 

discovered genes were manually filtered to keep only those where all experiment log FC had the 

same direction. To focus on those genes in which the difference in representation were greatest, 

only genes with a log FC ≥ 2 or ≤ -2 for all experiments were kept.  

In conventional differential gene expression analysis, low gene counts are the result of low transcript 

numbers. In contrast, low gene counts in gene trap screens are the result of low representation of 

the mutant transcript and perhaps a low population of that mutated cell prior to selection. Changes 

in the representation of these mutant transcripts with selection could still indicate a protective 

and/or deleterious effect; but experimental noise would impact the log FC to a greater degree, 

causing potential false positives. Therefore, a decision was made to select for genes, which had gene 
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counts higher than 10 in all the samples in the higher treatment group. The combination of these 

criteria reduced the number of differentially represented genes to 39 (Figure 5.14). 

  

 

Figure 5.14 Differentially represented gene sequences in F. tularensis LVS infected U937 samples 
reduced to 39 when further constrained. Differentially represented genes output from limma: voom 
at a FDR threshold of 0.3 (Figure 5.13) were manually filtered to keep only gene sequences with 
fragment counts higher than 10 in all the samples in the higher treatment group. Only those gene 
sequences where all experiment log FC had the same direction were kept. Additionally, only genes 
sequences with a log FC ≥ 2 or ≤ -2 for all three experiments were kept. These criteria reduced the 
number of genes to 39. 

The constrained list of genes (Table 5.5) includes one uncharacterised protein coding gene 

(LOC730100), 4 pseudogenes, 2 antisense versions of genes, 1 duplicate (MARF1) with different 

Ensembl gene IDs and 4 predicted long non-coding RNAs, 3 of which overlapped a protein coding 

gene.  
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Table 5.5 Molecular function of differentially represented gene sequences in F. tularensis LVS 
infected U937 samples constrained by post-limma filters. Genes represented in Figure 5.14. 
Ensembl gene IDs for differentially represented sequences at a FDR threshold of 0.3. The comparison 
direction is Infected vs Control (n=3 each). The Ensembl IDs are from reference annotation provided 
to StringTie. The IDs are used to search for the gene sequence information on the Ensembl database 
http://www.ensembl.org/index.html (Cunningham et al., 2019), using Ensembl release 99 (January 
2020). The molecular function information is obtained from the Ensembl, Uniprot databases 
https://www.uniprot.org/ (The Uniprot Consortium, 2019) and individual papers (Peng et al., 2019). 

Ensembl gene ID SYMBOL Log2 FC FDR Molecular Function 

ENSG00000031691 CENPQ -8.66 1.21E-41 

Subunit of complex, involved in 
assembly of kinetochore proteins, 
mitotic progression and chromosome 
segregation 

ENSG00000159459 UBR1 -7.88 7.93E-33 
Ubiquitinates destabilised proteins to 
signal their degradation 

ENSG00000231918 LOC730100 8.87 1.97E-22 lncRNA 

ENSG00000189129 PLAC9 -7.93 3.25E-19 
Inhibits cellular proliferation, involved 
in embryonic development 

ENSG00000050327 ARHGEF5 7.91 2.15E-16 
activates Rho GTPases, specifically 
RHOA, RHOB, weakly activates RHOC 
and RHOG 

ENSG00000166783 MARF1 -6.14 2.31E-16 
represses transposable elements 
during oogenesis, may protect from 
DNA double stranded breaks 

ENSG00000277140 MARF1 -6.14 2.31E-16 See above. 

ENSG00000048471 SNX29 7.44 2.84E-16 
Produces circRNA to act as molecular 
sponge for miR-744, resulting in 
derepression of Wnt5a and CaMKIIδ 

ENSG00000050730 TNIP3 5.75 3.69E-15 
Binds to zinc finger protein TNFAIP3 
and inhibits NF-kappa-B activation 

ENSG00000198420 TCAF1 6.66 1.87E-14 

Positively regulates the plasma 
membrane cation channel TRPM8 
activity, involved in TRPM8 plasma 
membrane recruitment 

ENSG00000103811 CTSH 6.43 6.53E-13 
Involved in lysosome mediated protein 
degradation 

ENSG00000274225 
AP001065.3 
(LnRNA) 

-7.02 1.48E-12 LnRNA 

ENSG00000232832 
LMLN 
antisense 
transcript 

5.24 5.15E-12 
LMLN is a metalloprotease, moves 
from internal structures to leading 
edge of migrating cells 

ENSG00000277406 SEC22B4P 6.68 3.43E-11 SEC22 homolog B4, pseudogene 

ENSG00000132639 SNAP25 6.24 1.91E-10 
diverse vesicle trafficking and 
membrane fusion processes 

ENSG00000235137 HSP90AB6P -5.95 4.29E-10 
heat shock protein 90 alpha family 
class B member 6, pseudogene 

ENSG00000213639 PPP1CB 5.81 4.63E-10 
Functions as part of a holoenzyme, 
dephosphorylates vast numbers of 
proteins 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

187 | P a g e  
 

Ensembl gene ID SYMBOL Log2 FC FDR Molecular Function 

ENSG00000174473 GALNTL6 5.74 3.13E-09 
Catalyses first reaction in O-linked 
oligosaccharide biosynthesis 

ENSG00000187240 DYNC2H1 5.74 9.82E-09 Involved in generation of cilia 

ENSG00000128918 ALDH1A2 -5.59 1.02E-08 Converts retinaldehyde to retinoic acid 

ENSG00000231298 MANCR 5.89 2.56E-08 
mitotically associated long non coding 
RNA 

ENSG00000204959 ARHGEF34P 5.65 3.94E-08 
Rho guanine nucleotide exchange 
factor 34, pseudogene 

ENSG00000148180 GSN -4.86 1.16E-07 
Calcium-regulated, actin-modulating 
protein, promotes actin nucleation and 
capping 

ENSG00000274423 SEC22B2P 5.07 1.33E-06 SEC22 homolog B2, pseudogene 

ENSG00000038219 BOD1L1 5.03 1.72E-06 Protects stalled DNA replication forks  

ENSG00000185515 BRCC3 5.21 2.35E-06 
Metalloprotease that specifically 
cleaves 'Lys-63'-linked polyubiquitin 
chains 

ENSG00000230551 
LnRNA, 
overlaps with 
CSNK1A1 

4.70 8.58E-06 
CSNK1A1 preferentially phosphorylates 
acidic proteins 

ENSG00000142765 SYTL1 5.02 8.59E-06 
Binds phosphatidylinositol 3,4,5-
trisphosphate (found in inner leaflet of 
plasma membrane), Rab27a effector 

ENSG00000224116 
INHBA 
antisense RNA 
1 

4.73 1.87E-05 
INHBA has many functions, including 
steroidogenesis, can act in a paracrine, 
autocrine, and/or endocrine manner 

ENSG00000143226 FCGR2C 4.52 7.51E-05 
Fc fragment of IgG receptor IIc 
(gene/pseudogene) 

ENSG00000143226 FCGR2A 4.52 7.51E-05 
Binds to the Fc region of 
immunoglobulins gamma 

ENSG00000143727 ACP1 -3.97 1.62E-4 

Low molecular weight 
phosphotyrosine protein phosphatase, 
substrates are tyrosine phosphorylated 
proteins, low-MW aryl phosphates and 
acyl phosphates 

ENSG00000273247 
LnRNA, 
antisense to 
RAB33B 

4.34 2.32E-4 RAB33B is involved in autophagy 

ENSG00000163602 RYBP 3.96 7.56E-4 
Acts as part of complex, required to 
maintain the transcriptionally 
repressive state of many genes 

ENSG00000116754 SRSF11 -3.43 8.64E-4 May function in pre-mRNA splicing 

ENSG00000122641 INHBA 3.27 1.73E-3 
INHBA has many functions, including 
steroidogenesis, can act in a paracrine, 
autocrine, and/or endocrine manner 

ENSG00000123106 CCDC91 3.67 2.11E-3 
Involved in sorting of hydrolases to 
lysosomes 
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Ensembl gene ID SYMBOL Log2 FC FDR Molecular Function 

ENSG00000255146 

LnRNA, 
overlaps 
partially with 
OR9Q1 

-2.90 8.67E-2 Odorant receptor 

ENSG00000004766 VPS50 2.59 2.37E-1 

Functions as part of a complex, 

involved in endocytic recycling 

(bringing protein receptors back to the 

plasma membrane) 

 

Within this constrained list are several genes with protein products involved in various types of 

protein trafficking, protein degradation and modulation of cytokine responses, which are described 

in further detail below. 

5.3.4.1. Differentially represented genes with gene products involved in protein trafficking  

Synaptotagmin-like protein 1 (SYTL1) is involved in vesicle trafficking to the cell surface (exocytosis) 

in neutrophils (Kurz et al., 2016), cytotoxic T lymphocytes (Holt et al., 2008) and prostate cancer cells 

(Johnson et al., 2005) as well as protein recycling away from the uropod (trailing end of migrating 

cell) (Ramadass et al., 2019). SYTL1 has two binding partners RAB8 and RAB27A (the former of which 

is involved in macropinosome trafficking) (Hattula et al., 2006). It also associates with nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase, a multi-subunit enzyme responsible for producing 

ROS (Berkowitz et al., 2001). Syndetin (VPS50) functions as part of a tethering complex known as 

endosome-associated recycling protein (EARP) located at recycling endosomes (Gershlick et al., 

2016; Schindler et al., 2015). Synaptosomal-associated protein 25 (SNAP25) plays an important role 

in membrane fusion, for a review see Han et al., (2017). Interestingly it was found to be important 

for Salmonella-containing vacuole (SCV) fusion with infection-associated macropinosomes (required 

for stability of the SCV/ replication niche of STM) (Stévenin et al., 2019). Ras-related protein Rab-33B 

(RAB33B) functions as part of a Golgi-retrograde transport pathway (Starr et al., 2010). It was found 

in an LC-MS screen pulled down by Autophagy-related protein 16-1 (ATG16L1) (Behrends et al., 

2010) and is ubiquitinated by Legionella pneumophila effectors during infection (Qiu et al., 2017). 

Increased expression of RAB33B is associated with greater uropathogenic E. coli clearance from the 

urinary tract (Wang et al., 2018). The mature form of Pro-cathepsin H (CTSH), cathepsin H has an 

important role in protein degradation of lysosomes as the only lysosome-associated aminopeptidase 

(Kirschke, 2013). It is also important for recognition of viral RNA (Garcia-Cattaneo et al., 2012). 

5.3.4.2. Differentially represented genes with gene products involved in immune response 
regulation 

Tumor necrosis factor (TNF) alpha-induced protein 3 (TNFAIP3)-interacting protein 3 (TNIP3) inhibits 

NF-kappa-B activation induced by tumor necrosis factor, Toll-like receptor 4 (TLR4), interleukin-1 and 

PMA (Rath et al., 2018; Wullaert et al., 2007). It is also associated with ulcerative colitis (a chronic 

inflammatory bowel disease) (Zhang et al., 2020) and downregulated in long term ulcerative colitis 

(Low et al., 2019). Gelsolin (GSN) has roles in many cellular processes, including actin filament 

severing and capping, apoptosis, phagocytosis see Li et al., (2012) for a review. It also functions as 

part of a negative feedback loop with LPS and LPS-induced cytokines, reducing LPS-induced 

cytotoxicity (Cheng et al., 2017); as well as inhibiting macrophage death in Streptococcus infection 

(Fettucciari et al., 2015). 
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5.3.5. Gene ontology analysis of the F. tularensis U937 screen 

Gene ontology enrichment analysis was performed for the over- and under- represented trapped 

genes in the F. tularensis U937 screen using the same settings and format applied to generate the 

results in Section 5.2.4. No GO terms were identified as enriched after adjusting for multiple testing 

(FDR threshold of 0.1) and thus no overlaps were found with the STM U937 screen. 

5.3.6. Protein interaction networks from combined query gene list 

To define the scope of the respective gene trap screens performed, the number of distinct Ensembl 

gene IDs found (represented at least once in one or more differentiated U937 samples) were 

counted - the F. tularensis U937 screen had 13,721 and the STM U937 screen had 14,703. Within the 

latter list, 1,580 were pseudogenes, 1,218 were non-coding RNAs and the remaining (11,905) were 

protein coding genes, antisense transcripts, or transcript readthroughs. Based on these figures, the 

mutant library used in the STM screen has a coverage of 58-60% of protein coding genes in the 

human genome, as the human genome has between 19,901-20,376 protein coding genes 

(depending on the database queried) (Salzberg, 2018). As a proportion of the genome could not be 

assessed using this gene trap library, potential links between genes within and between the screens 

may be missing. A bioinformatics method of identifying potential ‘missing links’ is the use of protein 

interaction databases to generate induced interaction networks. A comparative analysis of 21 

molecular network databases found that Search Tool for Recurring Instances of Neighbouring Genes 

(STRING) database and Consensus Pathway Database (CPDB) identified the most members of 

literature defined networks when subsets of these networks were queried (J. K. Huang et al., 2018). 

Therefore, these databases were chosen for the purpose of identifying potential missing links. As the 

aim of this project was to identify host infection factors common (or even universal) to different 

bacterial species, a decision was made to input the list of genes identified in both U937 screens 

(specifically those in Table 5.2 and Table 5.5) (as well as the ‘disrupted’ class in the secondary STM 

screen analysis, Table 5.4) into the above protein interaction databases together. 

5.3.6.1. Consensus Pathway Database 

The CPDB (www.ConsensusPathDB.org) (Herwig et al., 2016; Kamburov et al., 2013) is an online 

resource that creates visual networks of interactions by integrating protein interaction data from 

many distinct and overlapping network databases. Importantly, the resource can add in ‘missing 

links’ (a.k.a. intermediate nodes) to better connect the network. Only medium and high confidence 

protein interactions (as defined by CPDB) were allowed to connect nodes. A region of interest within 

this network is a hub of 19 direct or indirect protein-protein interactions with the Amyloid Precursor 

Protein (APP) (Figure 5.15), which is at the heart of Alzheimer’s disease pathology. An explanation 

for this unexpected observation might be a simple over-representation of APP-interacting proteins in 

the database, brought about by the intense research scrutiny of this protein over the past thirty 

years. If this were the case, one would see more induced network modules containing APP as an 

intermediate node than would be expected by chance. To assess this likelihood, 5 random gene sets 

from the human genome containing the same number of query proteins were entered into the 

induced network module with the same settings with the addition of low confidence protein 

interactions. None of these induced network modules included APP as an intermediate interactor 

(data not shown). In support of this being a genuine interaction profile, a more direct connection 

between Alzheimer’s disease and infection has been recently suggested – both in terms of infection 

as an inflammatory trigger for neurodegenerative processes, but also, more fundamentally, the 

theory that APP might play a direct role in macrophage infection regulation (H. Li et al., 2018). 
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Macrophages express APP (Vehmas et al., 2004) and the gene’s deletion seems to result in an 

altered macrophage inflammatory response (Puig et al., 2017). More directly, amyloid-β protein, a 

modified form of APP, is protective in in vitro and in vivo models of STM and Candida albicans 

infection (Kumar et al., 2016; Soscia et al., 2010). 

Furthermore, these interactions were replicated in InnateDB (https://www.innatedb.com/) (Breuer 

et al., 2013) when constrained to InnateDB curated interactions. APP and the interacting query 

genes in Figure 5.15 were entered into GeneMania, another interactive network amalgamator 

(Warde-Farley et al., 2010), which identified high confidence protein-protein interactions between 

APP, FERMT3, KIF2C, CACGN2, GGCT, CDIPT, PRICKLE2, ARHGEF5, SERPINB2, IL1B, CENPQ, POLD3, 

KCNIP4, SNAP25 and ZEB2. 
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Figure 5.15 Protein-protein interactions between both screen gene products converge on Amyloid-beta precursor protein (APP). The combined list of 
differentially represented genes in the original analysis of the STM screen (orange squares), the disrupted genes from the de novo analysis (red squares) and 
the differentially represented genes in the F. tularensis LVS screen (yellow squares) was entered into the CPDB  http://cpdb.molgen.mpg.de/CPDB induced 
network modules analysis (Kamburov et al., 2013). Each of these interactions were identified based on high throughput protein  interaction experiments, 
such as (Hein et al., 2015; St-Denis et al., 2016; Vinayagam et al., 2011). Medium and high confidence protein interactions were allowed in the network 
analysis as well as intermediate nodes (grey squares) not included in the query list. The network presented here is a truncated version of that generated to 
highlight a subset of the interactions- all intermediate nodes with fewer than four interactions were hidden as well as all unconnected nodes resulting from 
this. 
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Besides the APP ‘network hub’, other missing link network hubs (each interacting with 3 query 

proteins) include Myosin light chain kinase, smooth muscle (MYLK), PH domain leucine-rich repeat-

containing protein phosphatase 1 (PHLPP1), Golgi-associated, gamma adaptin ear containing, ARF 

binding protein 2 (GGA2) and Polycomb group RING finger protein 5 (PCGF5). Besides physical 

interactions with the query proteins, these network hubs have additional connection(s) to infection 

or the immune response. MYLK serves as a protein scaffold to allow NF-kB inflammatory signalling 

(Tauseef et al., 2012) and promotes asthmatic inflammation in a mouse model (Ting Wang et al., 

2014). PHLPP1 regulates LPS-stimulated immune responses in macrophages (Cohen-Katsenelson et 

al., 2019) and knockdown reduces lysosome activity resulting in increased STM burden in bone 

marrow-derived macrophages (BMDMs) (Fischer et al., 2019). An Ehrlichia chaffeensis (an 

intracellular bacterial pathogen) effector depletes Polycomb group RING finger 5 (PCGF5) during 

macrophage infection (Zhu et al., 2017) and PCGF5 knockdown increases E. chaffeensis burden 

(Mitra et al., 2018). Polycomb group RING finger proteins function as part of complexes to 

transcriptionally silence genes, (review in Connelly and Dykhuizen (2017)). Golgi-associated, gamma 

adaptin ear containing, ARF binding proteins are involved in protein and vesicle transport between 

the Golgi and endosomes (Uemura and Waguri (2020) for review) and GGA2 is required for 

appropriate lysosome protein transport (Hida et al., 2007).  

The identification of APP as a missing link network hub between many identified genes suggests its 

importance as a host infection factor in each of the U937 screens. If it is an important host infection 

factor, why did it fail to emerge from either of the screens? Interestingly, APP was represented in 

the STM screen at a very low level (mean fragment count of 1.1), as well as two of the other missing 

links, MYLK (count of 2 in 1/12 samples) and PHLPP1 (counts of 3, 7, 4 in 3/12 samples). APP and 

PHLPP1 were also represented at low levels in the final samples of the F. tularensis screen. Extremely 

low fragment counts attributed to a given gene may be misidentified matches (during genome 

alignment by HISAT2). If the fragment counts are genuine, it is likely that the representation of APP 

KO GT cells in the differentiated population was extremely low before selection. Bacterial infection is 

an inherently noisy form of selection. Strain based acid and heat resistance profiles and bistable 

flagellar and virulence gene expression mean that Salmonella species exhibit various stochastic 

behaviours (Aspridou et al., 2019; Bailly-Bechet et al., 2011; Koutsoumanis and Lianou, 2013; 

Stewart et al., 2011) which contribute to the noise of selection. Extremely low representation of a 

given GT mutation within a mutant library prior to selection is likely to lead to random loss or 

retention of the host cell(s) harbouring the mutation. Any filter used to remove extremely low 

representation genes in differential gene expression data will be somewhat arbitrary, as it is 

unknown when an experimental signal could be distinguished from the (stochastic or bioinformatics) 

noise. Nevertheless, a filter based on the gene count and representation across differentiated U937 

cell samples would give an impression of the coverage of selectable mutations in protein coding 

genes. For this purpose, all Ensembl gene IDs identified within any differentiated U937 sample from 

the STM screen were filtered for those that had gene counts of more than 5 in at least 2 samples. Of 

the Ensembl gene IDs retained, only 373 (4% of retained gene IDs) referred to protein coding genes, 

which is 0.04-1.8% of the protein coding genome. 

5.3.6.2. Search Tool for Recurring Instances of Neighbouring Genes (STRING) database 

The combined gene list was submitted to a second database of interaction data known as the Search 

Tool for Recurring Instances of Neighbouring Genes (STRING) database (https://string-db.org/) 

(Szklarczyk et al., 2019). All genes from Table 5.2, Table 5.4, and Table 5.5 with reviewed Uniprot 

accession IDs were used in the query (79 distinct genes) and the network was limited to 5 

intermediate nodes (Figure 5.16). Potential sources of functional interactions were limited to 
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experimental data, gene fusions (gene orthologues that have merged to generate a single protein 

coding gene), databases (pathway and gene ontology), co-expression data and Pubmed texts, which 

could be combined to make a minimum interaction score of 0.4. Query nodes without any 

interactions were hidden to simplify the network presented (Figure 5.16). In contrast to CPDB, the 

STRING database presents functional associations rather than molecular interactions, such as 

influencing the transcription, translation or modification of an associated protein, jointly 

participating in a specific bodily function as well as direct physical binding. Each piece of evidence 

receives a confidence score, which are then combined to generate a total score per interaction. 

STRING also predicts associations based on homology from other species, considering the 

evolutionary distance and presence of any other homologues in the proteome. STRING defines 

nodes as proteins but does not distinguish between different isoforms or post-translationally 

modified versions.  
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Figure 5.16 Products of genes identified in STM and LVS differentiated U937 GT screens may have 
functional associations. Protein interactions between products of genes from the STM screen 

including disrupted genes from the secondary analysis as well as genes in the constrained list from 

the F. tularensis LVS screen. Protein interactions identified using the STRING database, https://string-

db.org, all genes with reviewed Uniprot accession IDs were used in the query (79 distinct genes, 

coloured circles). Potential interactions were mined from experiments, gene fusions, databases, co-

expression data and Pubmed text with a total minimum interaction score of 0.4. A maximum of 5 

non-query interacting proteins were allowed (grey circles). Blue and red halos indicate products of 

genes identified in the STM and F. tularensis LVS screens, respectively. KIAA0430 is MARF1. ATP5F1A 

is a duplicate of ATP5A1. 

To provide an example of the scoring system STRING uses, the interaction between mitochondrial 4-

hydroxybenzoate polyprenyltransferase, (COQ2) (a query node) and mitochondrial ATP synthase 

subunit alpha (ATP5A1, an intermediate node) is described. Firstly, COQ2 and ATP5A1 are in the 

curated Reactome pathway ‘mitochondrial protein import’ (score 0.900); specifically, COQ2 is a 

candidate ‘Cargo of TIMM23 SORT’ (Cargo of TIMM23 SORT [mitochondrial inner membrane], n.d.) 

and ATP5A1 is a candidate ‘Cargo of TOMM40’ (May, 2011). Both TIMM23 SORT (a presequence 

translocase protein complex) and Mitochondrial import receptor subunit TOM40 homolog 

(TOMM40) manage protein organisation within the mitochondria (Mick et al., 2012). Secondly, 

orthologues of COQ2 and ATP5A1 are consistently coexpressed in Mus musculus (score 0.215), 

Plasmodium falciparum (0.200) and Schizosaccharomyces pombe (0.052) under multiple conditions 

(overall coexpression score 0.113). Thirdly, orthologues of COQ2 and ATP5A1 were mentioned 

together in 4 PubMed abstracts (score 0.062); generating a final score of 0.909. 

The ten nodes (RPL15, RPL6, MT-ND5, MT-ND6, MT-CO1, ATP5F1, ATP5C1, ATP5A1, COQ2, ATP5B, 

ATP5H) in the middle with the strongest interaction scores may function towards a common host 

cellular goal during STM infection. Indeed, three of the genes encoding these proteins (MT-ND5, MT-

ND6, MT-CO1) were identified as a part of the enriched gene ontology process ‘electron transport 

chain’ in Section 5.2.4. Mitochondrial ATP synthase subunit beta (ATP5B), B1 (ATP5F1), D (ATP5H), 

gamma (ATP5C1) and ATP5A1 are all subunits of complex V of the electron transport chain, which 

catalyses the phosphorylation of adenosine diphosphate (ADP). COQ2, an enzyme involved in the 

synthesis of ubiquinone, has been identified in this STRING network as well as part of the gene 

ontology enriched component ‘organelle inner membrane’. If the highlighted proteins function 

towards a common goal, the trapped versions of the query nodes would be expected to share a 

common represented direction in the STM U937 screen. Gene trap RPL15, MT-ND5, MT-ND6, MT-

CO1, ATP5F1 and COQ2 are all over-represented in the STM-infected samples (Table 5.2, Figure 

5.16). To assess the reliability of these functional associations, the query genes within this 11-node 

subnetwork were tested in CPDB and GeneMania induced network modules. Both Database 

networks were able to connect the query genes but required biochemical interactions (CPDB) or low 

confidence co-expression and pathway data (GeneMania). These loose connections demonstrate the 

differences in the type of interactions presented by CPDB and STRING. 

Of note APP was not presented as an intermediate node in the STRING network generated from the 

combined gene list. Even when APP was additionally submitted as a query gene, the confidence 

score lowered to 0.15 and the number of non-query interactors increased to 100; the APP network 

hub in Figure 5.15 could not be replicated by STRING. 
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5.4. Assessment of phenotype in an independent mutant model 

5.4.1. Creation of CRISPR constructs and transfection to create U937 CRISPR 
mutant pools 

To validate the U937 GT library STM screen as a method to identify genes involved in the response 

to infection or processes essential for pathogen survival; an example gene hit was chosen. SLC7A11 

was chosen for this purpose as it was a gene hit with a high average log2FC in the STM screen at 0.1 

FDR threshold in which the mutant version promoted host survival. Additionally, the drug inhibitor 

Sulfasalazine, (already on the market to treat rheumatoid arthritis) is available for the protein. 

To this end, CRISPR mutant pools were made in U937 cells targeted at SLC7A11 as well as a different 

type of CRISPR control (generated with an sgRNA containing three intentional point mutations). The 

sgRNA for the CRISPR control was based on the sgRNA designed for another gene hit from the U937 

GT library STM screen, CUL1. The design of this CRISPR control (known as ‘Miscullin’ onwards) is 

expected to produce off-target effects similar to what would be found in the CRISPR KO CUL1 pool, 

but without the on-target (CUL1) specific effects. CRISPR mutant pools instead of isolated lines were 

decided on as the model to be used due to lack of time and difficulty growing U937 cell culture at 

low densities. To enhance the effect of the CRISPR treatment, two gRNAs were designed for SLC7A11 

and the CRISPR control. The gRNAs were designed using CHOP CHOP, https://chopchop.cbu.uib.no/ 

(Labun et al., 2019) and the modified sgRNA sequence for the CRISPR control was compared to the 

human genome using the NCBI nucleotide Blat database to ensure no homology with any other 

sequences. The chosen sgRNAs were then transfected as part of a pair of a CRISPR Cas9-containing 

plasmids per gene into a single batch of U937 cells. 

Assessing the mutation status of the CRISPR target loci by sequencing gDNA from the whole CRISPR 

mutant pool (as was performed for the HEK-293 CRISPR KO cell lines in Chapter 3) would be labour 

intensive and difficult to draw conclusions from due to the likely highly heterogeneous nature of the 

pool. Instead, an anti-human SLC7A11 antibody was used to measure the comparative presence of 

protein by Western blot. Total protein was extracted from U937 CRISPR mutant SLC7A11 pools #1, 

#2 (generated at different times), CRISPR control ‘Miscullin’ (Misc), and wild type cells, which was 

used to compare protein expression levels of SLC7A11 (Figure 5.17A). Ideally the β-actin loading 

control would have similar levels of staining across every sample to allow comparison of the protein 

expression of interest. As the loading control staining is very different between samples, the 

intensities of the SLC7A11 protein bands have been normalised against the β-actin loading control 

staining per sample before plotting them (Figure 5.17B). Based on the normalised expression level 

for both SLC7A11 protein bands the CRISPR KO SLC7A11 #1 pool appears to have the lowest SLC7A11 

protein expression. 

Similarly, microscopy was used to confirm any reduction in cellular expression as well as to assess 

potential changes in subcellular protein distribution (Figure 5.18). SLC7A11 expression is localised to 

small dotted perinuclear regions in wild type cocktail-differentiated U937 cells (Figure 5.18C), 

perhaps indicating localisation to intracellular vesicles such as recycling endosomes, or in small 

discrete regions of the cell surface. SLC7A11 protein expression is barely visible or absent in cocktail 

differentiated CRISPR KO SLC7A11 #1 pool cells (Figure 5.18E), confirming the Western blot results. 

Therefore, CRISPR KO SLC7A11 #1 pool cells were taken forward to validate the infection phenotype 

discovered in the STM U937 GT screen. 
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Figure 5.17 U937 CRISPR KO SLC7A11 pool #1 has much less SLC7A11 protein expression than wild 
type or Miscullin control. SLC7A11 protein expression in U937 Wild type, CRISPR Miscullin control 
(MISC cont), CRISPR KO SLC7A11 pool #1 and #2 measured by Western blot, A. Western blot anti-
SLC7A11 band intensities measured by ImageJ and normalised based on the intensities of each anti-
β-Actin band, B. Experiment performed once. 
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Figure 5.18 U937 CRISPR KO SLC7A11 #1 pool has reduced SLC7A11 staining. Immunofluorescent 

micrographs of U937 wild type (WT) A, C, Miscullin CRISPR control pool (MISC) B and CRISPR KO 

SLC7A11 pool #1 D, E. α-Tubulin is stained red with mouse anti-human α-Tubulin primary antibody 

and Alexa Fluor 594 anti-mouse antibody. SLC7A11 is stained with rabbit anti-human SLC7A11 

primary antibody and Alexa Fluor 488 anti-rabbit antibody. C and E are digitally magnified images of 

A and D, respectively. All images were taken on an upright epifluorescence microscope at a total 

magnification of 1000x. One experiment was performed. 

 

5.4.2. Effects of genetic ablation or pharmacological inhibition of SLC7A11 on 
STM burden 

Differentiated U937 cells of various genotypes were inoculated with green fluorescent protein-

expressing STM bacteria and, in parallel, a wild type subset of these differentiated U937 cells were 

treated with different concentrations of the SLC7A11 inhibitor, Sulfasalazine. The availability of a 

drug inhibitor for one of the candidate proteins identified in the screen is useful, as it allows 

interrogation of the infection phenotype using a non-genetic approach. Sulfasalazine (SSZ), a drug 

that inhibits SLC7A11, is predicted to have bacteriostatic activity in the intestine (Belluzzi et al., 2010; 

Pinczowski et al., 1994). This is a potential confounder for our experimental assay because we wish 

to examine drug action via host cell protection as opposed to direct antibacterial action. To 

determine an appropriate concentration lacking such activity for use in infection experiments, 

bactericidal and bacteriostatic assays were carried out. Concentrations of sulfasalazine (0 ng/mL, 

6.25 ng/mL, 12.5 ng/mL, 25 ng/mL, 50 ng/mL), together with equivalent vehicle controls, were 

added to paper disks and these were placed on both growing STM lawns on LB-agar plates 

(bacteriostatic and bactericidal action) and previously grown STM lawns (bactericidal action). No 

bacteriostatic or bactericidal activity was seen at any of the concentrations (data not shown). 

To determine the effect of SLC7A11 inhibition on the STM burden in U937 cells, 4 experimental 

groups were used, all of which were treated with the differentiation drug cocktail and inoculated 

with 4 x 107 GFP expressing STM /well on day 6. This is 10-fold less than the number of bacteria /well 

to be commensurate with the STM screen. Fewer bacteria were added as it was thought that 4 x 108 

STM /well might overwhelm any microscopy images. The experimental groups were vehicle control 

treated CRISPR KO SLC7A11 pool #1 cells, vehicle control treated wild type U937 cells and wild type 

U937 cells treated with 5 or 10 ng/mL of sulfasalazine (to inhibit SLC7A11). Gentamicin (30 µg/mL) 

was added to all experimental groups at 1-hour post inoculation, at which point the sulfasalazine or 

vehicle control (DMSO) were added as appropriate. At 24 hours post inoculation, cells were washed, 

fixed, and stained with mouse anti-α-tubulin primary antibody, red fluorescent anti-mouse 

secondary antibody before mounting on slides with DAPI mountant. The genotype/drug treatment 

details written on each slide were hidden from the microscopist using tape. A reference letter was 

written on the tape and the ‘code’ only broken after completion of counting. Flattened/ low light 

diffracting differentiated cells were chosen for analysis as these show a morphology, which we 

believed to be closest to macrophages of interest (as previously indicated, Chapter 4). Additionally, 

the circular adherent U937 cells tend to cluster together, making it difficult to count intracellular 

bacteria. The number of intracellular bacteria per flattened differentiated cell was assessed by 

microscopy (as described in Chapter 2) and plotted (Figure 5.19). Flattened CRISPR KO SLC7A11 pool 

#1 cells and wild type cells treated with 10 ng/mL of sulfasalazine tended to have less intracellular 

STM than wild type cells treated with DMSO, though this trend failed to reach statistical significance 

(Figure 5.19A). Intracellular bacterial counts were additionally sorted into frequency bins (Figure 
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5.19B) to get a better impression of the spread of the data. This data restructuring suggests that 

inhibition of SLC7A11 either through genetic ablation or pharmacological inhibition increases the 

proportion of host cells with few or no bacteria. Further replicate experiments are required but were 

not possible during my studies due to the Covid-19 outbreak. Of particular importance would be to 

fix cells at 6 rather than 24 hours post-inoculation. This is because we saw much evidence of GFP 

(bacterial cell) degradation that obscured counting. 
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Figure 5.19 Flattened cocktail differentiated CRISPR KO SLC7A11 pool #1 U937 cells and wild type 
cells treated with 10 ng/mL sulfasalazine tend to have fewer intracellular STM than wild type cells. 
The number of intracellular bacteria per flattened differentiated cell was enumerated and plotted (A) 
on a log scale axis, or (B) as a stacked frequency plot. Experiment performed once. (A) Data was 
statistically analysed with one-way ANOVA, but no statistical difference was found, so post-hoc tests 
were not performed. 

5.4.2.1. Microtubule changes 

Images taken of cells from the same experiment as Figure 5.19 at 2- and 24- (same time point as that 

counted) hours post inoculation are also presented (Figure 5.20 and Figure 5.21, respectively). The 

characteristic web-like α-tubulin cytoskeletal structures in the large flattened ‘pancake-like’ U937 

cells (like those in Figure 5.21) were not found in any cells at 2-hours post inoculation (Figure 5.20). 

Some clustering is localised around GFP+ STM (e.g. arrow heads in Figure 5.20). A single nucleotide 

polymorphism found in humans increases microtubule instability through increased TUBB6 

expression and consequently promotes resistance to pyroptosis (Salinas et al., 2013). If U937 cells 

contain this genetic variant (or otherwise have higher expression levels of TUBB6), it would explain 

the (temporary) lack of characteristic α-tubulin structures and the unusual resistance to Salmonella-

induced cell death discussed in Chapter 4. 

Some cells have long dotted tubulin structures associated with GFP+ STM at one end (see arrows in 

Figure 5.20), like those seen in infected NIH3T3 cells (Brawn et al., 2007). These may be connected to 

(unlabelled) Salmonella-induced filaments (aka Salmonella-induced tubules), elongated structures 

associated with microtubules suggested to facilitate nutrient procurement for vacuolar bacteria 

(Jennings et al., 2017). 

At 24 hours post inoculation some cells contain small DAPI-stained rods (arrows)- indicating STM 

lacking GFP+ stain. All STM found independent of host cells are GFP+ throughout the experiment, 

indicating that the GFP is uniformly expressed within the bacterial population and that it is 

sufficiently long lasting. GFP fluorescence does not function well at low pH and is susceptible to 

lysosomal enzymes (Shinoda et al., 2018); suggesting that the DAPI rods are STM within phago- or 

auto- lysosomes. It was not determined whether any of the microtubule changes described are 

differentially present in CRISPR KO SLC7A11 pool U937 cells compared to wild type cells. 
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Figure 5.20 STM infection causes microtubule remodelling of differentiated U937 cells at 2-hours 
post inoculation. Wild type and CRISPR KO SLC7A11 pool drug cocktail differentiated U937 cells were 

inoculated with 4.09 x 107 GFP expressing STM /well. Cells were washed with PBS, fixed with ice-cold 

PFA 2 hours-post inoculation; before staining with anti-α-tubulin antibody (red) and DAPI mountant. 

Images taken with an epifluorescence microscope at a 400x or 100x total magnification. Experiment 

was performed once. 
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Figure 5.21 Example microscopy images to indicate what was seen during data collection at 24 
hours post-inoculation for Figure 5.19. Wild type and CRISPR KO SLC7A11 pool drug cocktail 
differentiated U937 cells were inoculated with 4.09 x 107 GFP expressing STM /well. Sulfasalazine at 
stated concentrations or DMSO vehicle control was added with 30 µg/mL gentamicin one hour later. 
Cells were washed with PBS, fixed with ice-cold PFA 24 hours-post inoculation; before staining with 
anti-α-tubulin antibody (red) and DAPI mountant. Images taken with an epifluorescence microscope 
at a 400x total magnification. Experiment was performed once. 

 

5.5. Discussion 

5.5.1. Summary/Overview 

This study has taken a hypothesis through a discovery screen, identified differentially represented 

genes, and began validation with an independent CRISPR KO pool, through to a pharmacological 

inhibition of the identified protein in an infection setting. An initial validation experiment has been 

performed using an independent CRISPR KO pool of an example gene SLC7A11 and a 

pharmacological inhibitor (sulfasalazine). This experiment was inconclusive but demonstrated a 

trend towards reduced STM burden with decreased SLC7A11 function. 

The following genes (identified as genes of interest in the STM U937 screen) have associations with 

infection susceptibility described in the literature, though not much is known about the mechanisms 

for the associations. CDH13 (Connell et al., 2013; Hong et al., 2017; Mackinnon et al., 2016), CLEC19A 

(Offenbacher et al., 2016), VPS13B (Duplomb et al., 2019), LGALS12 (Asiamah et al., 2019; Wan et al., 
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2016), SERPINB2 (Darnell et al., 2006; Major et al., 2013), SORT1 (Gaviria-Agudelo et al., 2014; Ma et 

al., 2015; Vázquez et al., 2016). Therefore, these previously published associations with infection 

susceptibility confirm that the STM U937 screen is identifying genes with a genuine connection to 

infection susceptibility. 

Besides this, many genes identified in the STM U937 screen were found with published and inferred 

links to infection processes and macrophage function. These included M2 polarisation of STM-

infected macrophages (GSK3B) (Gibbs et al., 2020; Panagi et al., 2020), regulation of inflammasome 

activation (CUL1) (Wan et al., 2019), regulation of oxidative stress (SLC7A11) (Cai et al., 2016), 

regulation of vesicle acidification (WDR7) (Kissing et al., 2018; Li et al., 2020), retrograde transport 

(SNX6) (Bonifacino and Hurley, 2008; Shi et al., 2009), regulation of inflammatory cytokines 

(MARKS1) (Lee et al., 2015; Micheva-Viteva et al., 2017) and induction of the stimulator of interferon 

response cGAMP interactor 1 (STING1) immune response (IL-1B) (Aarreberg et al., 2019). 

In the F. tularensis U937 GT screen, many genes were found associated with protein trafficking 

(SYTL1 - exocytosis, retrograde transport; VPS50 - endosome recycling; RAB33B - Golgi-associated 

transport) (Gershlick et al., 2016; Holt et al., 2008; Johnson et al., 2005; Kurz et al., 2016; Ramadass 

et al., 2019; Schindler et al., 2015; Starr et al., 2010), lysosome-mediated protein degradation (CTSH) 

(Kirschke, 2013) and negative regulation of inflammatory cytokine responses (TNIP3, GSN) (Cheng et 

al., 2017; Rath et al., 2018; Wullaert et al., 2007). These general processes make logical sense as 

steps essential for successful infection/ host cell survival. 

Of particular interest, a trapped version of the SNAP25 gene was statistically overrepresented in the 

F. tularensis U937 screen. SNAP25 is a known host infection factor for Salmonella, as it is important 

in maintaining the stability of the SCV, and thus, efficient bacterial replication (Stévenin et al., 2019). 

Unlike Salmonella, Francisella escapes the phagosome and replicates in the cytosol; so SNAP25 is 

likely important at an earlier infection time point. SNAP25 is a well-known mediator of vesicle fusion 

with the plasma membrane for exocytosis; however, a study found that its inhibition also prevents 

the initiation of endocytosis (Xu et al., 2013). This coupling of exo- and endocytosis helps maintain 

membrane homeostasis, see Wu et al., (2014) for review. The inability of a SNAP25 gene trap mutant 

to endocytose may limit F. tularensis entry. Indeed, macropinocytosis may be included as part of the 

entry arsenal of F. tularensis LVS (Bradburne et al., 2013). As SNAP25 is a previously published host 

infection factor, this demonstrates the efficacy of the F. tularensis LVS screen. 

5.5.2. Involvement of the Electron Transport Chain 

The trapped versions of several genes associated with the electron transport chain were identified 

as overrepresented in the STM U937 screen. These genes were further identified as part of an 

enriched gene ontology process labelled electron transport within the overrepresented subset of 

genes from the screen. In a predicted functional protein interaction network these genes had strong 

evidence scores and pulled out further ‘missing links’, other mitochondrial ATP synthase subunits. 

This analysis suggests that a process important to the cellular survival of STM infection has been 

identified. As stated in Section 5.2.4.1, genetic mutation or inhibition of these genes causes 

increased mROS production. STM are sensitive to ROS but effectively avoid phagosomal ROS in 

macrophages. Therefore, mROS production provides an alternative means of macrophage-mediated 

bactericidal activity. Additionally, reduced levels of complex-I as a result of GT mutagenesis would 

promote electron transfer to ubiquinone through complex-II, producing a suitable environment for 

an M1 polarised dysfunctional TCA cycle (as described in Chapter 1). 
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STM grow faster in macrophages metabolising fatty acids (Eisele et al., 2013) (which requires a 

functional TCA cycle and electron transport chain) with an M2(IL-4) like phenotype (Lathrop et al., 

2015). The reduction in functional Mitochondrially Encoded NADH-Ubiquinone Oxidoreductase, 

Mitochondrially Encoded Cytochrome C Oxidase I or Mitochondrial ATP synthase inhibits this 

metabolic activity causing reduced bacterial growth even without the additional antibacterial 

activity. mROS can stimulate host cell death pathways (Platnich et al., 2018; Y. Wang et al., 2019), so 

the survival advantage garnered by these GT mutations must be sufficient to overcome the potential 

background cell death caused by aberrant mROS. 

5.5.3. Novel gene associations with STM and or F. tularensis infection 

The two sets of genes identified as differentially represented in the STM and LVS U937 GT library 

screens do not directly overlap, as was originally anticipated – in order to identify ‘universal’ 

protective factors. However, some protein interactors create links between the screens. Protein 

network analysis has predicted inter- and intra-screen protein interactions or functional associations 

based on high throughput protein interaction studies (CPDB), low throughput protein interaction 

studies, databases, co-expression data and PubMed text (STRING, all). APP, one of the ‘missing link’ 

network-hubs identified by CPDB connected 16 query nodes (including proteins from both screens). 

There are many potential reasons for the lack of an important host resistance/ susceptibility gene in 

the original screen- lack of introns, essential gene function (producing a lethal phenotype), or the 

scope of the mutant library. APP contains many introns (found on UCSC genome browser), knock out 

mice are available (showing that an APP KO is not lethal) and the gene was found trapped in the 

U937 GT library, though it was lowly represented. Factors associated with extremely low gene 

representation (bioinformatics artefact, random loss or gain of representation due to stochastic 

noise) were previously mentioned in the results. Additionally, a caveat of molecular network analysis 

is that any given interaction found may simply not be relevant in the context studied; nevertheless, 

this type of analysis provides the opportunity to increase the discovery space or to focus on 

particularly important query genes. 

CPDB and STRING predicted seemingly incongruous sets of protein networks from the same query 

set and were only able to replicate the other network in a limited fashion, or not at all. To discover 

why these network databases produce completely distinct outputs, the sources and methods were 

compared. Briefly, STRING derives physical protein interaction data from a reduced selection of 

databases compared to CPDB - which includes primary interaction databases such as the 

Comprehensive Resource of Mammalian Protein Complexes (CORUM) (Giurgiu et al., 2019; 

Herwig et al., 2016). Additionally, the network databases integrate non-query interacting proteins in 

different ways, which can be observed by adjusting the non-query interacting protein limit. There 

are many other differences besides; for example, STRING stores data on thousands of organisms and 

incorporates interactions between predicted orthologues into the query protein network (Szklarczyk 

et al., 2019), while CPDB only houses data on 3 organisms (Herwig et al., 2016). The differences in 

method design are the result of differing intentions for the functions of the network databases and 

the outputs should be viewed in this light. Other authors using the induced network module of CPDB 

to analyse molecular networks between differentially expressed genes (the query nodes) and 

intermediate nodes were able to find intermediate node ‘hubs’ – nodes with many query node 

interactions (Huang et al., 2013; C. Li et al., 2018). In contrast, authors looking to narrow their focus 

on important genes within large differentially expressed gene sets used STRING to identify ‘hub’ 

genes within PPI networks (Chen et al., 2019; Ke et al., 2019; Zhou et al., 2019). Thus, combining the 

interactions found from CPDB and STRING may identify additional genes of interest for further study. 
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5.5.4. Lack of overlap with published Salmonella infection screens? 

Systematic interrogation of host responses to bacterial infection is a relatively understudied area of 

research. Since RNAi technology became available many studies targeting host infection factors 

were published before the extent of technical caveats were fully understood and adjusted for. Five 

genome wide host factor studies of Salmonella infection were found in the literature, of these, three 

were RNAi screens performed prior to an understanding of the impact of RNAi sequences on the 

microRNA space (Misselwitz et al., 2011; Thornbrough et al., 2016, 2012). A fourth screen used RNAi 

with at least four oligos per gene (which can be used to average the phenotype), but it is unclear 

whether other requisite measures have been applied to ensure the sources of false positives are 

managed (Andritschke et al., 2016). Additionally, these screens were performed in non-professional 

immune cells (e.g. MCF-7, HEK-293T). Together these factors are likely the biggest contributors to 

the lack of overlap between these screens and the STM U937 screen. 

Finally, the fifth screen was performed in CRISPR-sgRNA lentiviral transduced differentiated THP-1 

cells (a human monocyte-like cell line) and selected for host cells with low STM burden after 30 

minutes of infection (Yeung et al., 2019). They found a lot of genes involved in phagocytosis and 

plasma membrane PRR responses, for example, FCGR1A and TLR2. The difference in infection time 

(30 minutes compared to ~48 hours) is likely the biggest contributor to the differences between the 

Yeung et al., (2019) screen and the STM U937 screen. The low scope of the differentiated GT library 

likely contributed in small part to the lack of overlap between these screens. 

A previously identified Salmonella infection susceptibility gene Squalene epoxidase (SQLE) was 

identified in the STM U937 screen. SQLE catalyses a rate limiting step of the cholesterol biosynthesis 

pathway, yet in contrast to the literature described (Yu et al., 2009), the trapped version of the gene 

encoding it was underrepresented in STM-infected U937 cells; indicating susceptibility to STM 

infection. Lipid rafts, (of which cholesterol is a key component), are important for organisation of 

host membrane protein signalling organisation, for a review see Santos and Preta (2018). Perhaps 

host-beneficial signalling through a plasma membrane protein during STM macrophage infection is 

disrupted in a diminished cholesterol environment, generating a susceptible phenotype. 

5.5.5. Comparison to other infection or immune response-based genetic 
screens: 

Host infection screens utilising bacteria other than Salmonella as an agent of selection have also 

been used for comparison to both U937 screens. Additionally, a human genetic association study 

using naturally diverse isolated primary cells to interrogate the human genome has been included in 

the list of studies compared to the U937 screens. Compared studies sharing gene hits with the 

screens described in here are listed in Table 5.6.



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

208 | P a g e  
 

Table 5.6 Comparison of STM and F. tularensis U937 GT screens with other infection or immune response based genetic screens. Genome wide or high 

throughput screens with hits matching those found in the STM and F. tularensis U937 GT screens. Only RNAi screens deemed to have sufficient controls are 

included. 

Human 
Gene 

Mutation Study type Screen Phenotype Cell Paper Screen comparison 

SERPINB2 SNP allele Genome-wide association 
study 

HapMap 
host derived 
cells 

STM-induced host 
cell death 

lymphoblastoid 
cells 

(Ko et al., 
2009) 

GT version 
overrepresented in 
STM-infected cells 

PAQR5 CRISPR KO Genome wide LPS and 
cholera toxin 
B-subunit 
treatment 

Host cell survival RAW264.7 cells (Napier et al., 
2016) 

GT version 
underrepresented in 
STM-infected cells 

FERMT3 RNAi 
knockdown 

Genome wide, high 
throughput validation 

Brucella 
abortus 
infection 

Increased infection 
(GFP bacteria 
measured using 
automated high 
throughput imaging 
analysis) 

HeLa cells (Casanova et 
al., 2019) 

GT version 
overrepresented in 
STM-infected cells 

COQ2 RNAi 
knockdown 

High throughput, high 
throughput validation using 
additional siRNAs 

Yersinia 
pestis 
infection 

Reduced bacterial 
growth 
(bioluminescence) 

RAW264.7 cells (Connor et 
al., 2018) 

GT was 
overrepresented in 
STM-infected cells 

PKC-η RNAi 
knockdown 

Kinome, high throughput 
and low throughput 
validation using alternative 
genetic approaches and 
measurements 

B. 
thailandensis 
infection 

Reduced bacterial 
growth via loss of 
MARCKS 
phosphorylation 

THP-1 cells (Micheva-
Viteva et al., 
2017) 

GT version of 
MARCKS 
overrepresented in 
STM-infected cells 
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5.5.6. Why does the screen have a comparatively low gene coverage? 

The number of protein coding genes with counts higher than 5 in at least 2 samples in the 

differentiated GT library was much smaller (0.04-1.8% of the protein coding genome) than the scope 

originally estimated. Another pooled high throughput (CRISPR) KO screen in U937 cells using RNA-

Seq to measure sgRNA abundancies reported as genome wide had 16,700 genes with at least 1 gene 

count in 1 sample; of those, 8,200 genes had at least 5 counts in 1 sample (Haney et al., 2018). 

Studies using RNA-Seq to measure differential gene expression have similar patterns of highly and 

lowly represented genes; the latter becoming more prominent with increasing sequencing depth. 

The majority of lowly represented transcripts found in the STM and F. tularensis U937 GT screens are 

likely to be genuinely present in the sequenced samples (rather than bioinformatics artefacts). 

5.5.7. Technical critique of U937 screen 

Some of the trapped genes identified in the STM U937 screen are putative regulators of cell 

proliferation  or regulators of cell death (SHC4) (Ahmed et al., 2019; Turco et al., 2012). 

Overrepresented trapped genes associated with cell death (or its positive regulation) were also 

identified in the LVS screen (RYBP) (Zhan et al., 2018). The presence of these confounding genes are 

likely due to the nature of the screen. 

As the analysis of this screen incorporated methods not previously used for random GT library 

screening, some optimisation was needed. In addition to method optimisation, time to familiarise 

oneself with the analysis programmes was required, therefore there are many areas for potential 

improvement and these are described. 

The most common (and vastly cheaper) method of identifying gene trap mutations after random 

mutagenesis is through clonal cell isolation before bacterial cloning and Sanger sequencing. There 

appears to be only one other published paper documenting the use of RNA-Seq for gene trap 

identification after random library mutagenesis (the paper described an unrelated pharmacological 

screen) (Mayor-Ruiz et al., 2017). Mayor-Ruiz et al., (2017) isolated surviving clonal host cells on 

which to perform RNA-Seq to elucidate the transcriptomic changes in response to gene traps 

identified through parallel post-sequencing analysis. Therefore, this is the first study to use RNA-Seq 

to delineate gene trap identities and proportions from pooled cell mutants. The following sections 

describe critiques and potential improvements that could be implemented as future work to the 

post-sequencing analysis. The mentioned programmes, their uses and availability are summarised in 

Table 5.7. 

5.5.7.1. Trimming 

If time had allowed, the bioinformatics analysis might have benefited from a more thorough 

investigation and optimisation of the available trimming options, as described in Williams et al., 

(2016). Many of the available trimming programmes have been compared using a variety of 

parameters, but most authors agree that trimming should be optimised for the specific dataset 

(Fabbro et al., 2013; MacManes, 2014; Payá-Milans et al., 2018). Furthermore, one paper claims no 

trimming may be better (dependent on the dataset and aligner) (Liao and Shi, 2019). Potential 

benefits include greater retention of reads, greater mappability and more concordant alignments 

(though not necessarily with the same settings). 
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5.5.7.2. Genome Alignment 

A comparison of genome alignment programmes of differential gene expression data from formalin-

fixed, paraffin-embedded (FFPE) cancer tissue found that HISAT2 aligned reads to more 

pseudogenes than (RNA) STAR, including genes identified as the top 50 hits (Raplee et al., 2019). It is 

unclear whether these findings would apply to the data analysed here, as the authors do not provide 

quality assessment data but state that the sample type is prone to RNA degradation. Indeed, other 

comparative analyses of RNA quality from FFPE tissue suggest that the sequencing data is likely to be 

error prone, resulting in more complex alignment programme requirements (Esteve-Codina et al., 

2017; Wehmas et al., 2019). Within the list of total trapped genes from the STM U937 GT screen, 

pseudogenes accounted for 1.2% of ~15,500 genes but only contributed an average of 0.2% of gene 

counts to total gene counts per sample. Additionally, four pseudogenes contributed to the 

differentially represented gene list at an FDR threshold of 0.3. It would be of interest to compare the 

alignment results of HISAT2 and RNA STAR to identify if one produces better results with these data. 

5.5.7.3. De novo vs reference-based assembly vs an alternative 

A different (and overlapping) set of differentially represented genes was identified in two methods 

of differential gene representation analysis of the STM U937 gene trap screen; the result of two 

major sources of difference in the method. Firstly, de novo transcriptome assembly is a difficult 

process and the transcript assembly is normally less accurate as a result (Conesa et al., 2016; Pertea 

et al., 2015; Smith-Unna et al., 2016). Secondly, the nature of transcripts derived from trapped genes 

will generate many re-assembled transcripts that do not fit the mould provided by an official 

reference transcriptome. 

Two alternative methods that might improve the accuracy of the differential representation analysis 

may be possible. Firstly, use of long read sequencing technologies, e.g. that provided by Pacific 

Bioscience or Oxford Nanopore, which can produce read lengths of ~ 15 kilobases or ≥ 30 kilobases, 

respectively, would enable complete sequencing of the majority of transcript lengths. A big 

disadvantage of these technologies is that they are low throughput, causing sequencing of a similar 

depth and sample number to be prohibitively expensive (Byrne et al., 2019; PacBio, 2020). Secondly, 

read pairs of which one read contains a partial GT vector exon could be solely used for gapped 

genome alignment, which would bypass the requirement to identify transcripts. Each read pair 

containing a GT vector exon is equal to a single replicon of a GT transcript. Reads derived from 

fragments containing only a small portion of human mRNA would likely not map uniquely, neither 

would reads mapping to repetitive regions of the genome, or those matching high similarity 

homologues (e.g. FCGR2A and FCGR2C). These factors would likely result in a smaller number of 

genes reported overall but would likely result in a more accurate gene count and therefore, more 

accurate differential representation. This method would however require more sophisticated script 

writing skills. 

5.5.7.4. F. tularensis U937 screen: low statistical power 

The F. tularensis U937 GT screen differential representation analysis suffers from a lack of biological 

replicates (3 replicates were carried through the analysis compared to 6 for the STM U937 GT 

screen); as the paired samples from experiment A were not included. An alternative comparison of 

the gene count results between samples to that implemented here (such as a principal component 

plot) might provide a better overall impression of how different the counts from Experiment A 

actually are. If the overall impression is that the samples from each experiment (e.g. infected vs 

mock-infected) are equally different, this would strongly suggest that Experiment A samples are 

appropriate to include in the final analysis, thus improving the statistical power. 
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5.5.7.5. Repeated or independent measures designs for statistical analysis? 

A repeated measures design for statistical analysis may fit the data better than the statistical 

analysis (independent measures) performed with limma voom for both screens. The idea is to cut 

out the inter-experimental variation, which would potentially make the analysis more sensitive to 

subtler differences. It is possible to perform such an analysis within limma voom (Hoffman and 

Roussos, 2020; Ritchie et al., 2015), but it requires use of the command line. 

 

Table 5.7 Alternative or additional programmes suggested as options to improve upon the current 
analyses. The described use is the purpose to which the programme would be put for alternative or 

future analysis of the presented datasets. 

Programme Use Availability 

sortmeRNA identify and remove (if 
present) ribosomal and 
mitochondrial RNA 

Galaxy Europe 

FastQ screen identify and remove (if 
present) sequences matching 
the Salmonella genome 

Downloadable, requires Linux, 
runs Perl script 

Exploration of available 
trimming programmes 

To optimise trimming prior to 
alignment 

Preferably those available on a 
public Galaxy instance 

RNA STAR Alternative read-to-genome 
aligner 

Galaxy Main/ Europe 

Principal component analysis 
programme 

Determine how similar 
Experiment A is from the other 
samples in the F. tularensis 
U937 GT screen 

Preferably those available on a 
public Galaxy instance 

Dream Repeated measures design of 
limma 

R command line/ Bioconductor 

 

5.5.8. Future work 

5.5.8.1. Experimental 

The host survival phenotype of all CRISPR-generated mutants of interest should be assessed using 

LDH activity assay at multiple time points. The LDH activity in uninfected (as well as infected) wild 

type cells should be measured to incorporate any potential background cell death. 

SLC7A11 was previously shown to limit macrophage ROS activity in M. tuberculosis infection and 

slc7a11-/- mice had reduced intracellular M. tuberculosis replication than wild type counterparts (Cai 

et al., 2016). However, the role of SLC7A11 has not yet been explored in STM infection. Under the 

conditions used here, the differences in bacterial burden observed between differentiated wild type 

and CRISPR KO SLC7A11 U937 cells did not reach significance. The MOI used was roughly an order of 

magnitude lower and the cells infected for half the time used in the screen. Nevertheless, based on 

previous observations a six-hour post inoculation time point is estimated to show a distinguishing 

phenotype. To complete this series of experiments the bacterial burden within drug cocktail 

differentiated small circular adherent U937 cells should be compared to that in the larger flattened 

cells found in the same differentiation treatment. 
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A recent paper reports the ability to efficiently knock out genes in human MDMs using CRISPR Cas9 

(Freund et al., 2020), therefore, this protocol could be applied to specific genes identified in this 

work, for example SLC7A11. 

The potential of APP as a target could also be investigated, beginning with KO host cells in vitro – and 

go on to use KO APP mice for in vivo infection experiments if successful. 

5.5.8.2. Computational 

A principal component analysis plot on the F. tularensis U937 screen samples (including Experiment 

A samples) should be performed to identify how related the different samples are to each other. 

This would provide a better indication of the difference (if any) between the passage control 

samples and the samples included in the current analysis. If this more holistic comparison 

demonstrates that the patterns in Experiment A are comparable to the other experiment samples, a 

differential representation analysis including all the experiments for the F. tularensis U937 screen 

could be implemented. 

The alternative bioinformatics processes described in sections 5.5.7.1, 5.5.7.2, 5.5.7.4, 5.5.7.5 and 

5.5.7.3 should be performed and compared to the results described here. 

A gene ontology analysis of differentially represented genes (data not shown) identified between the 

original library (suspension) and uninfected differentiated U937 GT cells should be performed to 

determine the processes potentially important to differentiation under the protocol used. Processes 

identified as having enriched genes may indicate the polarity of the macrophage phenotype 

produced. This would indicate the initial phenotype of the macrophage model, which might help 

comparisons with the Salmonella-macrophage infection knowledge base. 

5.5.9. Conclusion 

The two U937 screens do not appear to have any direct overlap, but they share general themes. 

Broadly similar processes were identified, such as protein trafficking and immune response 

regulation. These are common intracellular infection requirements for host defence and pathogen 

survival, though the specific proteins appear to be pathogen specific. The STM screen overlaps to a 

greater degree with other infection literature, which is expected due to the larger list of 

differentially represented genes as well as the fact that it is a better studied pathogen.
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Chapter 6 
Discussion 
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6. DISCUSSION 

6.1. Summary 

The original objective of this work was to identify innate responses to intracellular 

pathogens or host processes essential for pathogen survival and replication. Ultimately, it 

was envisioned that these would represent targets that could be modulated, without 

detriment to the host, by host-directed therapeutics. Such therapeutics would offer an 

alternative route to the current, failing antibiotic strategies. 

The genomic space of two human cell lines (HEK-293 cells and differentiated U937 cells as 

examples of ‘non-professional immune cells,’ or ‘professional immune cells’, respectively) 

were interrogated through random mutagenesis. The intention was to identify host factors 

common to many, if not all, bacterial infections; so, two different bacterial pathogens were 

chosen as the selective pressure in two respective screens.  

The infection phenotypes of resistance mutations previously identified in host susceptibility 

genes in the HEK-293 screen were investigated in independent CRISPR KO cell lines 

generated for the purpose (Chapter 3). Bacterial burden assays demonstrated the presence 

of host cell resistance to STM and S. sonnei infection in the CRISPR KO PCDH7 cell line. 

Subsequently, a differentiation protocol was created to generate U937 cells with 

macrophage-like morphology, which possessed the ability to phagocytose bacteria and 

expressed the general differentiation marker CD11b. A U937 gene trap (GT) library was 

created and screened with two important pathogens, one of global medical significance (S. 

enterica ser. Typhimurium), and the other of importance as a potential bioterror threat (F. 

tularensis) (Chapter 4). The sequencing output from each screen was bioinformatically 

processed, statistically analysed and examined with pathway analysis software (Chapter 5). 

These U937 infection screens identified a multitude of genes as potential infection 

resistance or susceptibility factors. Of these, a number have established support in the 

literature for roles in promoting resistance or susceptibility to infection. Many genes were 

also isolated that have no previous association with infection. A potential protein 

interaction network was identified from overrepresented trapped genes from the STM 

U937 screen that might help to define important host processes during infection. Finally, a 

U937 CRISPR KO pool for the representative candidate gene SLC7A11 was generated and 

characterised before its use in an initial pilot infection phenotype experiment (Chapter 5). 

This preliminary validation of SLC7A11 as a host susceptibility factor fell short of generating 

statistically significant results but offers insight into a strategy to expand the validation of 

these new candidates. 
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6.2. Assessing the success of the functional screening approach 
through the biological actions of the identified host 
processes 

The STM and F. tularensis U937 GT screens identified many genes. SLC7A11 and SERPINB2 

are two examples that partially fulfil the criteria set out in the introduction as potential 

inhibitor drug targets in that, when mutated, both appear to improve host cell survival 

during STM infection. All that needs to be confirmed in order to completely fulfil the criteria 

is a validated connection between mutation of these genes and a reduction in bacterial 

burden. Knocking out SLC7A11 increases antimycobacterial activity in macrophages (Cai et 

al., 2016), though the activity against STM is yet to be confirmed. Wild type SERPINB2 may 

indirectly promote STM proliferation by creating a more suitable intracellular environment 

(Pham et al., 2020; Saliba et al., 2016; Schroder et al., 2019a; Stapels et al., 2018; Zhao et 

al., 2013). 

Several of the other identified genes (CDH13, CLEC19A, VPS13B, LGALS12, and SORT1) 

identified in the STM screen are already associated with infection susceptibility (Asiamah et 

al., 2019; Connell et al., 2013; Duplomb et al., 2019; Gaviria-Agudelo et al., 2014; Hong et 

al., 2017; Ma et al., 2015; Mackinnon et al., 2016; Offenbacher et al., 2016; Vázquez et al., 

2016; Wan et al., 2016). The F. tularensis screen identified SNAP25, a previously identified 

host infection factor in STM infection of human epithelial cell lines (Stévenin et al., 2019); 

as well as other gene products involved in lysosome-mediated protein degradation – CTSH, 

(Kirschke, 2013) – and regulation of inflammatory cytokine responses – TNIP3 (Rath et al., 

2018; Wullaert et al., 2007) and GSN (Cheng et al., 2017). These connections with relevant 

examples from the literature suggest that the screens were successful in identifying 

genuine host infection factors. 

The GO processes ‘electron transport chain’, ‘response to oxidative stress’, GO component 

‘organelle inner membrane’ and the STRING protein functional interaction network all 

indicated an overlapping cluster of genes or gene products identified as overrepresented 

(protective when trapped) in the STM U937 screen. The overlapping trapped genes were 

Mitochondrially Encoded NADH-Ubiquinone Oxidoreductase Core- Subunit 5 (MT-ND5), 

Subunit 6 (MT-ND6) (subunits of complex I of the electron transport chain, ETC) and 

Mitochondrially Encoded Cytochrome C Oxidase I (MT-CO1) (subunit of complex IV of the 

ETC). The effect of trapping or inhibiting these genes or gene products will be discussed in 

more detail in Section 6.3.2. Thus, a pathway promoting oxidative stress was identified as a 

credible host cell infection response important for survival during STM infection. This is a 

promising result, as too much oxidative stress would typically be thought to induce host cell 

death, therefore, an optimal balance between bactericidal action and host cell death must 

be maintained. Indeed, a small amount of oxidative stress for multicellular eukaryotes 

during development appears to be necessary for developing stress resistance and 

increasing life span (Bazopoulou et al., 2019). 

Both the STM HEK-293 and U937 host cell survival screens also identified genes encoding 

proteins in the cadherin superfamily (PCDH7 – HEK-293 screen, CDH13 – U937 screen), 

which aligns with established ideas of host cell entry of bacteria via adhesion factors 
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(Everman et al., 2019; Kochi et al., 2019; Li et al., 2016; Pizarro-Cerdá and Cossart, 2006; 

Sousa et al., 2007; Watters and Palmenberg, 2018). PCDH7 as a potential host infection 

factor is discussed further in Sections 6.3 and 6.5.2. 

In summary, many promising potential host infection factors and pathways were identified, 

some of which may be targetable for the treatment of bacterial infections. Thus, the 

primary aim of this work has been achieved. Figure 6.1 reworks the original image 

presented in the Introduction Chapter in the light of our screen results – there are several 

overlapping aspects of pathogen infection and host response that have been exposed by 

the screens detailed within this thesis. 
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Figure 6.1 Most promising potential host infection factors identified through genetic 

macrophage screens utilising two evolutionarily distant bacterial pathogens. SLC7A11, 

SERPINB2, LGALS12 and genes sharing the gene ontology (GO) process ‘electron transport 

chain’ (ETC) were identified as potential host infection factors in the S. enterica ser. 

Typhimurium (STM) U937 genetic screen. SNAP25 was identified as a potential host 

infection factor in the F. tularensis LVS U937 genetic screen. S. enterica, and F. tularensis 

each have distinct molecular mechanisms of achieving entry, survival and replication within 

macrophages. Two macrophage host infection screens were employed to identify host 

infection factors that could be pharmacologically modulated to reduce bacterial burden, 

thus, improving morbidity. 
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6.3. A universal infection drug target – does it exist? 

An initial goal of this work was to identify an infection, or host response, drug target 

common to a broad range of intracellular bacterial infections. One instance where that 

could be the case is human PCDH7, which when knocked out, promotes resistance to 

infection with either of two bacteria (S. sonnei and STM) belonging to different taxonomic 

genera (Chapter 3). Other potential host infection factors shared between the STM U937 

screen and more distantly related pathogens identified in the literature (such as Yersinia 

pestis, in the same order, or Brucella abortus in the same phylum) include COQ2 and 

FERMT3 (Casanova et al., 2019; Connor et al., 2018). The quality of the data for the FERMT3 

connection is relatively low, as FERMT3 was number 66 in the STM screen and number 292 

in the screen by Casanova et al., (2019). The quality of the COQ2 association with reduced 

Y. pestis growth was also relatively low, as the number of independent siRNAs used to 

silence it were effectively 3. Nevertheless, these comparisons indicate that host infection 

factors may span across different families, or even different classes, of bacteria. 

6.3.1. A gene-centric approach 

Two screens were performed in the U937 GT library created in Chapter 4, using two 

genetically dissimilar bacterial pathogens (from different taxonomic orders, Thiotrichales 

and Enterobacterales). No shared differentially represented genes were identified between 

these screens despite a potential 13,721 mutated transcribed sequences upon which 

selection took place and the respective bacteria appearing to be more evolutionarily 

related than B. abortus is to either. A total of 136 differentially represented trapped genes 

were identified between the two screens (Chapter 5), though the majority of these genes 

were identified within the STM screen. The lack of identified shared host infection factors 

between STM and F. tularensis may result from a combination of technical limitations (such 

as the limited genetic scope), and the dissimilarity of survival strategies between the two 

bacteria. This latter issue would reduce the number of common host infection factors, 

whereas the former reduces the chances of finding them. 

6.3.2. A pathway-centric approach 

Individual genes required for host survival against many evolutionarily distinct bacterial 

pathogens are difficult to find. Therefore, a host pathway common to many infections may 

instead be a better target. Intracellular pathogens have to survive many of the same host 

defences, so they often converge on similar evolutionary solutions, though they may not 

interact with the same protein. This suggests a host infection network that is common to 

many distantly related intracellular bacterial pathogens. Many authors are discussing the 

concept of testing the effect of drugs on the interactome (Aulner et al., 2019; Bang et al., 

2019; Chiang et al., 2018; Fotis et al., 2018; H. Li et al., 2012) rather than on in vitro protein 

activity as has been done in the past. An example of a host infection response network, 

identified in the STM U937 screen, is the generation (or retention) of mROS, as a likely 

mechanism of controlling bacterial burden. As described in Section 6.2, genes encoding 

subunits of ETC complex I and IV were indicated as part of this host infection response 

network. Reducing the number of electrons transported through complex I and complex IV 
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(e.g. through genetic ablation of one allele of a subunit) causes excess mitochondrial ROS 

generation (Chouchani et al., 2014; Guarás et al., 2016; Jin et al., 2014; Lapuente-Brun et 

al., 2013; Lopez-Fabuel et al., 2016), which is either directly, or indirectly, antibacterial 

(Roca and Ramakrishnan, 2013; West et al., 2011). Reducing the activity of other candidate 

proteins (PINK1, SLC7A11, TXNRD1) within each of these categories is also known to 

contribute to greater mROS production (Morais et al., 2014; Nalvarte et al., 2004).  

Patients lacking subunits of phagosomal NADPH oxidase (required to generate ROS within 

the phagosome) are susceptible to infections with opportunistic bacteria - review - Roos 

and Boer (2014) therefore inherent ROS-mediated defences are normally sufficient to clear 

such bacteria. Intracellular pathogens adapted to human physiology either evade ROS, are 

highly resistant to ROS, or some degree of both (e.g. Burkholderia pseudomallei, 

Mycobacterium tuberculosis) (Burtnick et al., 2008; Köster et al., 2017; Loprasert et al., 

2003; Mehta and Singh, 2019). M. tuberculosis classified within the Actinobacteriota 

phylum is still susceptible to ROS inside host cells if exposed to a sufficient concentration 

(Cai et al., 2016; Roca and Ramakrishnan, 2013). Therefore, evolutionarily distant bacteria 

may be targeted through the generation of ROS. 

6.3.3. Exploration of one such pathway; different survival strategies to 
intraphagosomal ROS 

Given the emergence of ROS as a common denominator of many of the genes identified in 

the STM U937 screen, it is important to explore how bacteria respond to this intracellular 

environmental change. STM and F. tularensis LVS (the strain used in the F. tularensis U937 

screen) may have different sensitivities to oxidative stress, which are described in some 

detail below.  

The lack of the phagosomal NAPDH oxidase does not appear to affect F. tularensis LVS 

growth in vivo or in vitro (Ma et al., 2016; Zhuo Ma et al., 2019), though this may be as 

much the result of efficient escape from the phagosome as resistance to oxidative stress. In 

vitro evidence produced using strong oxidising agents on agar indicate that ROS reduce F. 

tularensis LVS growth if given at sufficient concentrations (Alqahtani et al., 2018; Ma et al., 

2016; Zhuo Ma et al., 2019); though it is unclear whether such conditions are attainable 

within host cells. 

Salmonella also has some resistance to oxidative environments resulting from ROS 

(Bogomolnaya et al., 2013; Fu et al., 2017), but can still be affected at higher concentrations 

(West et al., 2011). As part of its intracellular oxidative stress survival strategy, Salmonella 

delays the co-localisation of phagosomal NADPH oxidase with the SCV in DCs (Gogoi et al., 

2018) and macrophages (Heijden et al., 2015; Suvarnapunya and Stein, 2005; Vazquez-

Torres et al., 2000). This allows replication inside the SCV without substantial exposure to 

ROS induced oxidative stress. However, a small percentage of wild type Salmonella exit the 

SCV (Perrin et al., 2004) and encounter the oxidative environment of the cytosol (Heijden et 

al., 2015; West et al., 2011). Therefore, if screen mutants accentuated the cytosolic 

oxidative environment, it would be expected to improve the host anti-Salmonella response. 

Indeed, a group of trapped genes involved in the host oxidative stress response were 

overrepresented during STM infection, indicating that U937 cells lacking these oxidative 
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stress modulating enzymes or enzyme subunits have a survival advantage. None of these 

genes were identified in the F. tularensis LVS screen, perhaps either due to a difference in 

sensitivity to ROS, or the reduced number of replicates in the screen. 

6.3.4. Differences in pathogen responses to differing intracellular 
environments within professional and non-professional 
phagocytic cells 

There are several potential reasons for the lack of shared genes between the HEK-293 and 

U937 STM screens, indeed, genes relating to professional phagocytic or macrophage 

specific responses were expected to contribute to the distinct macrophage gene set. 

Additionally, STM can reside within various host cell types in different organelle contexts 

(Castanheira and García-del Portillo, 2017) – for example free cytosolic bacteria are found 

within epithelial cells (Knodler, 2015; Laughlin et al., 2014) and macrophages (Meunier and 

Broz, 2015; Thurston et al., 2016) but not in fibroblasts (López-Montero et al., 2016). As an 

uncharacterised cell line (HEK-293) was used in the initial screens, it is unclear whether free 

cytosolic bacteria would feature as part of the intracellular bacterial population. 

6.3.5. Stochastic variation in the screening process – detecting the 
signal through the noise 

This is a technology and assay dependent project, as such, the results are somewhat 

dependent on the methods used. Many aspects of this project operated at the interface 

between the limits of sensitivity of the experimental approaches and the complexities of 

two-species biological processes. For example, stochastic variation in U937 cell 

proliferation, differentiation and cell death responses will have affected the trapped gene 

representation within individual biological replicates. Stochastic variation in bacterial gene 

expression and replication would also have been present between individual bacteria 

within a single bacterial culture, which would also have affected the trapped gene 

representation in the U937 host cells. Evidence of variation is clear between biological 

replicates, but the number of replicates in the STM U937 GT screen provides sufficient 

statistical power to discern signals within the data. To confirm the stringency of the 

selection pressure, iterative rounds of selection with the same host cells would have been 

ideal – as this would have provided multiple opportunities to sample the surviving host 

population. However, the use of differentiated U937 cells precluded the opportunity to 

perform multiple successive rounds of infection selection (discussed in Chapter 4). 

6.3.6. Lack of shared host infection factors between HEK-293 and U937 
cells – what technical limitations were at play? 

The sequencing of clones in the initial HEK-293 survival screen reduced the potential to 

identify genes common to both survival screens in two ways. Firstly, the screen generated a 

comparatively low number of genomic regions of interest – 19 HEK-293 GT colonies were 

isolated, from which amplified GT transcripts were sequenced. Of those, 25% matched 

multiple regions of the genome and another 25% matched lncRNAs or were left 

unannotated. The remaining 9 sequences matched genes, which therefore, could be 
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compared with the U937 screen. Secondly, sequencing of clones precludes the 

identification of trapped genes, which confer a reduced survival advantage, as the absence 

of these in the isolated GT population cannot be quantified. In contrast, the STM U937 

screen identified 50 significantly underrepresented genes (thought to confer a reduced 

survival advantage) through the use of pooled sequencing. 

The U937 STM screen required a different MOI and infection end point (to the HEK-293 

screen) to generate a suitable stringency of selection. The differences in experimental 

condition likely led to disparate host cell death resistance requirements. 

The U937 GT library used in the survival screen was made from two sub-libraries, each of 

which had 1,000-10,000 mutational events (Chapter 4), at best this could have meant on 

average a single mutation for each protein coding gene in the human genome. However, 

only 15,449 open reading frames were identified from the STM U937 screen (Chapter 5). Of 

these 11,905 were protein coding genes, antisense transcripts, or transcript readthroughs 

(a coverage of 58-60% of protein coding genes). As noted in Chapter 5, many of these 

protein coding genes were represented at extremely low levels, such that 373 protein 

coding genes (0.04-1.8% of the protein coding genome) had gene counts of more than 5 in 

at least two samples. The small number of trapped protein coding genes well represented 

within the U937 GT library likely had a considerable contribution to the lack of genes of 

interest in common with the HEK-293 screen. 

6.3.7. What technical limitations prevented identification of host 
infection factors common to STM and F. tularensis? 

The STM and F. tularensis U937 screens had technical failings that reduced the potential to 

find common host infection factors. As discussed in Chapter 5, the F. tularensis screen 

lacked biological replicates, thus reducing the discovery rate. Additionally, up to 94% of 

trapped protein coding genes were extremely lowly represented (less than 5 transcripts in 

90% of samples) within the STM screen (used as an example). As mentioned in Chapter 5, it 

is unknown how well represented a GT cell (and thus a GT transcript) within the GT library 

must be for a selection advantage or disadvantage to be distinguished from stochastic 

noise. Nevertheless, this information indicates that the library scope does not fully cover 

the protein coding genome. As proteins are currently much easier to target with drugs, this 

is the category of most interest. These technical caveats demonstrate that the conclusions 

drawn about the potential shared host infection factors in the human genome are 

predicated on a small subset of potentially targetable genes. So, what about comparisons 

with the broader literature base of host infection screens? 
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6.4. How could discovery screens be optimised? 

6.4.1. Identification of infection resistance or susceptibility genes 
through host cell survival selection requires context – host cell 
survival is not conclusive of simple infection resistance 

Programmed cell death (PCD) of infected host cells is an important part of the immune 

response arsenal to prevent increased pathogen growth for a wide spectrum of bacterial 

pathogens (as described in Chapter 1) (Jorgensen et al., 2017). For example, genetic 

inhibition of pyroptosis, necroptosis and apoptosis in mice results in dramatic increases in 

STM burden during in vivo infection (Doerflinger et al., 2020). PCD is so important that the 

signalling pathways between pyroptosis, necroptosis and apoptosis are well 

interconnected, greatly hindering pathogens from completely obstructing cell death 

(Christgen et al., 2020; Doerflinger et al., 2020; Jorgensen et al., 2017). Therefore, directly 

improving host cell survival during infection would often not be a good treatment strategy. 

However, improved host cell survival during an infection screen may often be the result of 

increased resistance to bacterial invasion, or bacteriostatic, or bactericidal activity (as 

indicated on the left hand side of Figure 6.2). Secondary analyses subsequent to host cell 

survival screens should be performed to distinguish between these underlying phenotypes. 

This can start with combining current literature knowledge with pathway analysis to narrow 

down potential genes of interest (as performed in Chapter 5). Ultimately, the phenotypes 

should be interrogated experimentally through genetic and or pharmacological means to 

determine the effect on bacterial burden and the underlying mechanism. 
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Figure 6.2 Increased host cell survival may be the result of a resistance to cell death or a 
resistance to bacterial entry/growth. Genetic mutations within a randomly mutated cell 
line library may predispose the host cell to a greater (on the left) or lesser (on the right) 
likelihood of cell death during a bacterial infection. This final phenotype may be the result of 
a difference in susceptibility to intracellular bacterial growth (bottom half), which entails a 
greater or lesser level of cellular damage/stress; thus the difference in propensity for cell 
death is merely a consequence of this. On the other hand, the difference in the likelihood of 
cell death due to the mutation may instead be the result of a difference in responsiveness to 
stressors or cell death cues; meaning that the infection is merely tangential. 

6.4.2. Host cell survival or Bacterial burden – methods of selection of 
infection resistance 

Intracellular bacterial burden is a direct measure of the combined abilities of bacteria to 

enter, grow and survive inside the host cell; so why was bacterial burden not used to 

distinguish between resistant and susceptible host cell populations? Discovery screening of 

a randomly mutated host library requires subsequent isolation of the host cells to identify 

the mutations present in the selected population(s). The only methods of determining 

intracellular bacterial load that are not terminal are FACS of cells infected with fluorescent 

protein expressing bacteria, or live cell imaging of the same. Microscopy based screening at 

any reasonable scale requires automated robotic assistance; furthermore, subsequent 

isolation of host cell colonies of interest would be difficult to impossible. Microscopy-based 

infection screens have been performed by multiple labs but are restricted to an arrayed 

mutant library format, for example Anand et al., (2020), Casanova et al., (2019), or Jeng et 

al., (2019). The focus of discussion will therefore be on host cell survival and FACS-based 

bacterial burden screening. 

Host cell survival and bacterial burden, when used to facilitate gene discovery each have 

technique-associated selection biases that may preclude the interrogation of certain 

mutants or act synergistically with the infection conditions, thus obscuring the real effect. 

Host cell survival selection is biased towards mutants that promote faster proliferation, or 

are hyporesponsive to cell death-, senescence-, or quiescence- cues in the overrepresented 
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trapped gene population; as well as the inverse in the underrepresented population. FACS-

based selection is biased towards mutations promoting hardier cells (to withstand the high 

pressure encountered during sorting); indeed, many technical FACS-related factors can bias 

the screen based on cell stress responses. Some cell types are more fragile than others, 

cells in poor condition (e.g. after infection) are more susceptible to the effects of sorting. 

Furthermore, BSL2 pathogen infected cells require pre-sorting treatment to maintain safety 

standards, leading to greater clumping (Alles et al., 2017; Lanier and Warner, 1981; 

Westermann and Vogel, 2018). The technique-specific stressors would also obscure 

identification of processes important to infection susceptibility and resistance (Binek et al., 

2019; Llufrio et al., 2018; Richardson et al., 2015). Besides these factors, further cells may 

be lost during FACS due to electronic aborts (occurring when multiple cells pass through the 

laser beam at a time) and sorting conflicts (when two or more cells are too close to each 

other to allow sorting). The stringency of the sorting selection can be modulated based on 

user requirements, but a balance has to be reached between retaining enough sorted cells 

and maintaining results of suitable quality. Indeed, as noted in Chapter 3, GT PRKG1 HEK-

293 cells may have produced an artificially high GFP signal due to clustering. The biases 

from each method can be adjusted for through comparison of the infected population with 

a mock-infected population, though mutants unable to withstand the experimental process 

regardless of infection would not be included. 

6.4.3. Mutant library generation – GT or CRISPR? 

The GT technology used to generate the U937 randomly mutated library in Chapter 4 is cost 

effective but limited to affecting genes containing introns and the overall coverage cannot 

be controlled. An alternative technology for KO cell library generation mentioned in 

Chapter 1 is CRISPR Cas9. Use of CRISPR Cas9 for library generation has the distinct 

advantage of targeted gene deletion even at scale but comes at extremely high cost. A 

whole genome library (≥19,000,000 genes – protein coding only) is the best possible 

coverage, but is this cost effective? Approximately a quarter of the human genome is 

considered druggable (Griffith et al., 2013; Wang et al., 2020), so reducing a CRISPR library 

to only include druggable targets would reduce the price while retaining the targetable 

genes. However, this reduces the available context of the novel drug targets identified in 

the screen; reducing the ability to determine the common features in the broad infection 

processes between pathogen screens. 

A second factor is the feasibility of generating a CRISPR KO library with available resources. 

Use of an arrayed CRISPR KO library in combination with an arrayed selection format would 

entail knowledge retention of the identity of the host mutants throughout the selection 

process. This would obviate the need for costly NGS services, but the scale of the screen 

would be limited without costly robotic assistance. Additionally, prepared arrayed 

transfection technologies like viral vectors or lipofectamine are not effective in 

macrophages (Guo et al., 2019; Kajaste-Rudnitski and Naldini, 2015). Nucleofection is much 

more effective, but the accessible equipment does not allow scale (Maeß et al., 2014b). 

Based on these factors, the mutant cell library must be pooled, but the combination of 

buying a CRISPR library and NGS sequencing is potentially too costly. 
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6.4.4. What is the optimal route to identify GTs of interest in a screen – 
clonal isolation of cells, or NGS of pooled populations? 

Two methods of gene trap mutation identification have been explored here, the first (used 

in the HEK-293 GT screen, Chapter 1) requires clonal isolation of surviving host cells and 

subsequent Sanger sequencing of the RACE-PCR products. The second (used in two U937 

screens, Chapter 4 and 5) allows sequencing of RACE-PCR products from the pooled 

selected population(s), but also requires NGS and subsequent bioinformatics analysis. NGS 

of pooled selected cells provides a quantitative analysis of differentially represented GT 

transcripts (and thus GT cells) in selected, compared to unselected, cells. It also provides an 

in-depth overview of the GT transcripts present in both populations, allowing the analyst to 

set a threshold at which the trapped genes are considered significant. In contrast, individual 

sequencing of clonal GT populations provides a list of genes (and other genomic sites) that 

have been mutated and which have allowed the survival of the host cell. This method does 

not provide any information about the size of the survival advantage conferred by the 

mutation, which can be inferred from the fold change and variation present between 

replicates in the former method.  

Clonal isolation and sequencing is labour-intensive at large-scale, thus compromises must 

be made between the intensity of selection and the arbitrary picking of colonies for 

sequencing. Greater selection intensities will lose more GT cells of potential interest, but 

will in theory, lead to a smaller number of colonies containing mutants with greater survival 

advantages (thus avoiding the need to choose arbitrarily). Additionally, clonal isolation and 

sequencing contains many stages at which GT transcripts of interest can be lost, during 

clonal isolation and culturing or transduction of the plasmid containing the RACE-PCR 

product and unclear sequence signals, to name a few. However, as long as the sequence 

signals are clear, in most cases a sequence of sufficient length will be produced that the 

genomic location can be correctly (and uniquely) identified. Sequences with multiple hits 

(present in 5 of the isolated colonies in the HEK-293 screen) are likely from repetitive 

regions of the genome, non-canonical GT insertions, or highly similar paralogous genes. The 

sequence data further shows specifically where the gene trap insertion took place. The 

precise and accurate location information would aid further experimental analysis of the 

effect of non-canonical GT mutations as well as discrimination between predicted lncRNAs 

or anti-sense transcripts and nearby genes (Gow et al., 2013). 

In contrast, sequencing from pooled cells requires a comparatively large initial time 

commitment to learn and optimise the bioinformatics analysis of the resulting sequence 

data, but this does not increase noticeably with increased scale. This allows a much greater 

number of different GT cells (and GT transcripts) to be analysed, allowing greater freedom 

of selection stringency. The greater potential scale of sequencing from pooled cells, allows 

analysis (e.g. pathway analysis) of the broader processes that are important to the survival 

of the host cell during infection, as well as a larger scope for comparison between screens. 

The use of well documented differential gene expression bioinformatics processing 

methods provides quantitative gene count information at the expense of information of 

precise gene trap insertion locations. An alternative bioinformatics processing method has 

been suggested (Chapter 5) which may provide more precise gene trap insertion locations 
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but at the expense of the accurate identification of some trapped genes or non-coding 

sequences. 

Finally, sequencing from clonal isolates does not allow the identification of susceptibility 

mutations after destructive selection events, whereas sequencing from pooled cells 

facilitates identification of susceptibility mutations through comparison with a mock-

treated population. The appropriate method depends on the usage requirements and 

experimental aims; in this case, the greater quantity of genes of interest and breadth of 

information provided by sequencing from pooled cells is advantageous to the identification 

of shared host infection factors. 

6.4.5. A solution for iterative rounds of infection selection 

As discussed in Chapter 4, differentiated U937 cells do not proliferate, obfuscating the 

option to perform iterative rounds of infection selection. Iterative rounds of infection 

selection would have provided reassurance of the reliability of the genes identified as 

improved/reduced survival factors. 

Undifferentiated U937 cells could be used as a host cell in an infection discovery screen (as 

performed by Jeng et al., (2019)) to allow iterative rounds of infection and sampling for 

pooled sequencing. Undifferentiated U937 cells may be more phenotypically similar to 

naïve monocytes, therefore, they will likely produce a different, overlapping set of 

differentially represented genes compared to the differentiated U937 screens described in 

Chapters 4 and 5.  

6.5. Future work 

6.5.1. Further development of a pathway-centric approach through 
screening with a broader range of pathogens 

A pathway-centric approach for drug target identification was suggested as an option (in 

Section 6.3) to broaden the applicability of host-targeted therapy for infection. This 

approach could work well but relies on a knowledge base of host interactions for a range of 

evolutionary distant bacteria. Such a knowledge base could be created from additional host 

infection screens with more evolutionarily distant intracellular bacteria. These host 

infection screens must be sufficiently large-scale to capture the majority of genes in a given 

functional network and of sufficient replication to distinguish the experimental signals 

through the noise. The genes identified in those screens could then be sampled within 

pathway analysis databases like STRING, CPDB and GOrilla to identify shared host infection 

networks. 

6.5.2. Taking the most promising host infection factors forward 

Of the candidate genes that could be taken forward without further empirical or 

bioinformatics discovery, PCDH7 (Chapter 3) is the most promising based on the current 

evidence. Additional candidates of interest requiring further investigation are PRKG1 

(Chapter 3) and SLC7A11 (Chapter 5). To further confirm these genes as STM (and S. sonnei) 
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host infection factors, independent genetic mutants should be made in other well-

characterised cell lines and primary cells. Where possible, gene products should be 

pharmacologically modulated and assessed for resistance to STM infection through 

measurement of bacterial burden and host cell death. If the infection resistance 

phenotypes withstand further testing in these physiological models, the resistance 

mechanism should be investigated, and the infection resistance should be tested in vivo. 

6.5.3. Potential druggability of identified proteins and pathways 

A major process indicated in increasing infected macrophage cell survival in the STM U937 

screen was the inhibition of the oxidative stress response (Chapter 5). As the inhibition of 

enzymes involved in this response generates increased mROS or prevents their reduction, 

the cytosol becomes more oxidising. An oxidising cytosol has bactericidal activity against 

STM (Heijden et al., 2015), demonstrating that this process is a potential pharmacological 

target. Several drugs clinically approved to treat cancer increase ROS production but as a 

side effect, or as a means to induce cell death (Poprac et al., 2017). In contrast, a few drugs 

are described below that increase the oxidising intracellular environment without inducing 

cell death. 

SLC7A11, half of a cystine-glutamate antiporter (xCT), is important for glutathione 

production (an antioxidant), without which the intracellular redox balance is more sensitive 

to increased ROS production. The SLC7A11 gene was identified as a potential candidate in 

the STM screen (Chapter 5). Sulfasalazine, an inhibitor of SLC7A11, reduces macrophage 

intracellular M. tuberculosis burden (without generating host cell death), by reducing 

glutathione production (Cai et al., 2016). Sulfasalazine was employed to inhibit SLC7A11 

during STM infection (described in Chapter 5), potentially at subinhibitory concentrations. 

TXNRD1, encoding an enzyme that can recycle key electron carriers (Nalvarte et al., 2004), 

was also identified as an oxidative stress response gene of potential importance in STM 

infection (Chapter 5). TXNRD1 is inhibited by Auranofin, an approved anti-rheumatic agent. 

Auranofin is currently in clinical trials as an add-on therapy (in combination with antibiotics) 

for pulmonary tuberculosis (The Aurum Institute NPC, 2019) or as a single drug therapy for 

amoebiasis (National Institute of Allergy and Infectious Diseases (NIAID), 2020, 2017). At 1 

µM, Auranofin-treated primary human neutrophils generate greater levels of superoxide 

and have greater in vitro survival (Liu et al., 2000). Auranofin also promotes ROS production 

in variety of other cell lines (Chen et al., 2016; You and Park, 2016). Additionally, mouse 

macrophages exposed to LPS in combination with ATP or Nigericin are less likely to undergo 

lytic cell death and produce less IL-1β when treated with Auranofin (Isakov et al., 2014; H. 

Y. Kim et al., 2019). Therefore, low concentrations of Auranofin both increase ROS 

production and inhibit lytic host cell death. 

SERPINB2 is a well-established inhibitor of urokinase-type plasminogen activator, but the 

protein clearly has other intracellular functions (see Section 5.2.3.1 for detail). A trapped 

version of the gene was highly overrepresented in the STM U937 screen (Chapter 5), 

suggesting conferment of a protective effect, thus making SERPINB2 a desirable target. Two 

investigational protein drugs (Lanoteplase, Tenecteplase) based on human tissue-type 

plasminogen activator are suggested to interact with SERPINB2. These might be expected 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

228 | P a g e  
 

to function as competitive inhibitors of SERPINB2, as they are inactivated forms of its 

binding partner. 

SNAP25, a t-SNARE membrane fusion protein, is a potential host infection factor for STM 

(Stévenin et al., 2019) and F. tularensis infection, making it of particular interest. Currently, 

no drugs are available to target SNAP25 as the vast majority of available drugs and drug-like 

molecules are small enzyme agonists or antagonists. A small number of cytokines and 

receptors are currently targeted by monoclonal antibodies (Goulet and Atkins, 2020; Su and 

Shuai, 2020), but these are very expensive to produce. Two emerging types of drug – 

antisense oligonucleotides and proteolysis-targeting chimaeras – promise to expand the 

potentially druggable genome (Churcher, 2018; Crooke et al., 2018; Lai and Crews, 2017). 

Therefore, proteins like SNAP25 may one day become suitable drug targets. 

Pharmacologically enhancing PCD itself to improve bacterial clearance may be an effective 

way to target a broad spectrum of bacterial infections; but is risky, as overactivation can 

generate excessive inflammation. Indeed, in respiratory tularaemia, an infection 

characterised by lethal cytokine storm (Mares et al., 2008), host cell death and the related 

signalling pathways are an important source of inflammation (Pulavendran et al., 2020; 

Singh et al., 2017). 

6.6. Concluding remarks 

In conclusion, this project has improved the knowledge-base of potential host infection 

factors available for potential pharmacological modulation to treat human STM, S. sonnei 

and F. tularensis infection. Pharmacological inhibition of host infection factors has the 

potential to function as a substitute for antibiotics and can potentially target conditions 

caused by closely related bacteria in the same genus and perhaps even those in different 

classes. This may counteract the need for bacterial strain typing to confirm antibiotic 

resistance/ susceptibility, as well as reducing the risk of the generation of antimicrobial 

resistance. The subsequent steps required to take this information closer to a drug 

treatment, are the validation of the infection phenotypes of the most promising host 

infection factors, their mutants, and their inhibitors.  
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Appendix A INVESTIGATING THE SUITABILITY OF 
DIFFERENTIATION STRATEGIES OF U937 CELLS 
FOR SCREENING 

This appendix describes in more detail work summarised in Chapter 4. 

A.1. Differentiation Strategy #1 

A decision was made to test different concentrations of one of the most used drugs, PMA. 

Characteristics such as adherence and loss of proliferative ability are indicators of 

differentiation (Chanput et al., 2015; Cooper, 2000; Starr et al., 2018), although a variety of 

cell morphologies and phenotypes have been observed in the literature. Indeed, 

differences in culturing prior to differentiation (Aldo et al., 2013), differences in PMA 

concentration, treatment time, and resting period can all change the apparent phenotype 

(Maeß et al., 2014a; Starr et al., 2018). 

U937 cells were treated with 0.025, 0.1 (mostly commonly used e.g. (Boukes and van de 

Venter, 2012; Gillies et al., 2012; Tusiimire et al., 2016)) and 0.2 µM (highest reliable 

concentration seen in the literature (Daigneault et al., 2010; Yue et al., 2009)) of PMA with 

varying concentrations of FCS (10%, 1% and 0%) on Day 0 (Figure A.1). Lower 

concentrations of FCS were tested because differentiation of other types of cell line have 

benefited from serum starvation (Seidman et al., 1996). The use of collagen as a surface for 

attachment was also tested with PMA and 10% FCS as this has been shown to improve 

attachment with other types of cell line (Vasse et al., 2018). 
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Figure A.1 Differentiation strategy #1. On day 0, U937 cells seeded and treated with 0.025, 
0.1 and 0.2 µM Phorbol 12-myristate 13-acetate (PMA) and 10%, 1% or 0% fetal calf serum 
(FCS). On day 3, cells in media containing 10% FCS were gently washed to remove excess 
floating cells and drug, then fed with 1% FCS-containing medium. Subsequently all cells 
were observed by microscopy (description in Table A.1). On day 6 micrographs were taken 
of cells treated with PMA and a starting concentration of 10% FCS (Figure A.2). Experiment 
performed once. 

 

Cell morphology and attachment were observed by microscopy for all conditions (Table 

A.1). After 3 days, cells in 10% FCS appeared well attached (data not shown) but 

observation was difficult due to floating cells, therefore these were gently washed off, 

before replacing with 1% FCS-containing medium (without PMA). No washing of cells in 1% 

and 0% FCS was performed because no cells appeared to be attached and did not appear 

healthy/viable. No attachment was seen at 0 µM PMA under any condition. At 0.025 µM 

PMA in 10% FCS most cells were attached to the plate on Day 3, both in collagen and non-

collagen treated wells; but some larger cells were seen attached to non-collagen treated 

wells. Some of the larger cells were elongated; others were circular, with thin filopodia-like 

protrusions. At 0.1 µM and 0.2 µM PMA in 10% FCS the variety of different morphologies 

increased, and the proportion of larger cells was greater at 0.2 µM PMA. Lower starting 

concentrations of FCS reduced cell attachment and morphological changes at the 

concentrations (0.1 µM and 0.2 µM) of PMA tested. To present examples of the 

morphological changes present at a starting concentration of 10% FCS, micrographs were 

taken of PMA-treated U937 cells on Day 6 (Figure A.2). In addition to the morphologies 

already described (Table A.1), some differentiated cells had markedly reduced light 

diffraction properties as compared to the circular, very bright undifferentiated U937 

monocyte stage cells. Those cells with reduced light diffraction properties were also 

pancake shaped, reminiscent of LPS/IFN-ɣ treated mouse bone marrow derived 

macrophages (BMDM) (McWhorter et al., 2013), or human M-CSF differentiated monocyte 

derived macrophages (MDM) (Lathrop et al., 2018). 
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Table A.1 PMA treatment promotes adherence and changes in morphology in U937 cells. 
Differentiation strategy #1: U937 cells were treated with PMA at the concentrations noted 
and incubated for 3 days at 37°C 5% CO2. Treated cells were then washed to remove any 
cells and drug remaining in suspension (10% FCS) or not (1% and 0% FCS) before observing 
under the microscope. Percentages given are rough estimates based on visual inspection of 
remaining cells after washing (if performed). The results of one experiment are described. 
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 Starting fetal calf serum (FCS) concentration 

Concentration 
of PMA (µM) 

10% FCS 1% FCS 0% FCS 

 No collagen collagen No collagen No collagen 

0 
No attachment, 

circular 

No attachment, 
circular, a few 
have one or 

two protrusions 

No attachment, 
circular, do not 
appear healthy 

No attachment, 
circular, do not 
appear healthy 

0.025 

>90% are 
attached, 

normal size and 
shape, in 

clusters. <10% 
cells are much 
larger, thin and 

long; others 
were circular, 

with thin 
filopodia-like 
protrusions, 

Remaining are 
normal in size, 
shape and not 

attached 

Most are 
attached, 

normal size and 
shape, in 

clusters. No 
larger ones 

seen. 

Not tested Not tested 

0.1 

Similar to 0.025 
µM, more 
variety of shapes 
seen in larger 
adhered cells 

Not tested 

Some 
clustering, 

normal size and 
shape, though a 

few have one 
or two 

filopodia. A few 
are attached, 

some variation 
in morphology 

Very little 
clustering, 
normal size 

and shape. Not 
clear if any are 

attached. 

0.2 

Greater number 
of large adhered 
cells with altered 
morphology and 
more variety of 

morphology 
seen (compared 

to 0.025 µM, 
similar to 0.1 

µM). 

Not tested 

More frequent 
clustering (than 
0.1 µM), most 
are normal in 

size and shape. 
A few are 

attached, with 
some variation 
in morphology 

Very little 
clustering of 3-
5 cells seen, a 
small number 
are attached, 
do not look 
very healthy 
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Figure A.2 PMA treatment of U937 cells promotes a variety of morphological changes, 
creating a heterogeneous population of attached cells. Differentiation strategy #1: 
Micrographs of U937 cells treated with PMA in RPMI and 10% FCS for 3 days at the stated 
concentrations, gently washed and rested for 3 days in medium without PMA and a lower 
concentration of FCS (1%).  All the cells in the plane of view are attached to the plate, with 
many in clusters. Arrows point to different shapes of attached cells often with filopodia 
(black arrows), especially noting the faint cells (red arrows, reminiscent of classically 
activated macrophages) at 0.2 µM. All images are from one experiment. 
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A.2. Differentiation Strategy #2 

Although morphological changes are not definitive of the transition to a ‘macrophage-like’ 

state, it does give an indication of what proportion of cells might be expected to 

demonstrate other ‘macrophage-like’ characteristics (McWhorter et al., 2013). Even at 0.2 

µM PMA, the number of cells with the desired macrophage-like morphology was estimated 

at less than 1% of the treated population, although all cells were adhered indicating some 

degree differentiation. To identify methods of improving the proportion of cells with 

macrophage-like morphology in the treated population, additional differentiation drugs at 

multiple concentrations were tested, as well as a higher concentration of PMA. Lower FCS 

concentrations in the previous strategy reduced the capacity for differentiation, so all 

future treatments were performed at 10% FCS. U937 cells were seeded on Day 0 at 5 x 105/ 

well in a 24 well plate and treated with 0.1, 0.2, 0.25 µM PMA, 0.1, 0.4, 0.8 µM VD3 or 0.1, 

0.5, ATRA. This time, cells were given 6 days in differentiation media to further promote 

changes (Figure A.3 for timeline) before micrographs were taken (  
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Figure A.4). At 0.1, 0.2 and 0.25 µM of PMA, the U937 cells had attached to the plate and 

formed clusters (example in   
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Figure A.4, PMA low dose). At 0.1 µM PMA cell proliferation was inhibited and some cell 

death was seen at 0.2 µM, this increased at 0.25 µM (notable due to the cell debris). ATRA 

also partially inhibited cell proliferation at 0.5 and 1 µM; although it was not clear whether 

the cells had become adherent or not. VD3 produced no obvious visible changes. 
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Figure A.3 Timeline for differentiation strategy #2- comparing effects of VD3, PMA and 
ATRA; secondly for retrodifferentiation of PMA treated cells. The timeline for 
differentiation strategy #2 encompassed A and B, key features of the retrodifferentiation 
procedure can be found in B and C. A, Day 0, U937 cells were seeded at 5 x 105/ well in a 24 
well plate and treated with 0.1, 0.2, 0.25 µM PMA, 0.1, 0.4, 0.8 µM 1,25-dihydroxyvitamin 
D3 (VD3) or 0.1, 0.5, 1 µM All-trans-retinoic acid (ATRA) at 10% FCS. Day 6, microscopy 
images were taken (  
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Figure A.4). Day 7, drug-containing media was removed and replaced with drug-free media. 
Day 14, some cells began to show changes in morphology. B, Day 17, PMA-treated cells 
were washed and media containing 10% or 20% FCS was added. Day 18, more cells 
displayed changes in morphology in PMA-treated wells (Figure A.5). C, Day 27, all PMA-
treated cells were circular and more abundant. Day 33, PMA-treated wells were washed to 
separate detached cells and these were counted (Table 4.1), images were taken of the 
remaining adherent cells (Figure 4.3). Experiment performed once. 
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Figure A.4 U937 cells continuously treated with PMA cluster together but do not change 
shape. Differentiation strategy #2: U937 cells were seeded at 5 x 105/ well in a 24 well plate 
and treated continuously with 0.1 (low), 0.2 (medium), 0.25 (high) µM PMA, 0.1 (low), 0.4 
(medium), 0.8 (high) µM 1,25-dihydroxyvitamin D3 (VD3) or 0.1 (low), 0.5 (medium), 1 
(high) µM All-trans-retinoic acid (ATRA) at 10% foetal calf serum. The control wells (top row) 
used for comparison were untreated (left) and vehicle controls at the highest concentration 
used in drug treatment (3% ethanol (middle) and 0.01% DMSO (right)). On day 6 the cells 
were imaged with a bright field microscope. All images are from one experiment. 

 

As cells treated with VD3 or ATRA demonstrated little to no differentiation characteristics, 

only PMA treated cells were observed further. After taking microscopy images (  
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Figure A.4), the PMA differentiation media was replaced one day later (day 7) with drug-

free media (a drug-free ‘resting’ stage of a few days has been recommended to complete 

differentiation) (Daigneault et al., 2010). After a total of 14 days, some cells were flatter 

with reduced light diffraction, while others had filopodia or were spindle shaped, just as 

seen at 0.2 and 0.25 µM PMA in strategy #1. Wells were washed to clear off floating cells to 

improve future microscopy images. Cells exhibiting morphological changes became more 

abundant by day 18, upon which several micrographs were taken and two micrographs per 

condition are presented (Figure A.5). When cells were rested, 0.25 µM PMA produced a 

higher proportion of cells with altered morphology (spindle shaped, flattened pancake 

shaped, filopodia) than at other concentrations, but also resulted in considerable cell death. 

In contrast, 0.2 µM PMA treated and rested cells demonstrated lower levels of cell death - 

comparable to 0.1 µM, but had more cells with altered morphology than at 0.1 µM. Altered 

morphology was consistently seen after resting, but the proportion of cells demonstrating 

these features were still low; thus, the proportion of flattened pancake shaped cells was 

not yet sufficient for experimental use. 
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Figure A.5 PMA-treated U937 cells undergo diverse morphological changes after a 
subsequent ‘rest’ period of culturing without PMA. Differentiation strategy #2: U937 cells 
were seeded at 5 x 105/ well in a 24 well plate and treated with 0.1, 0.2, or 0.25 µM PMA for 
7 days before replacing with media without PMA. The cells were imaged on day 18 by bright 
field microscopy. For each condition two example micrographs are presented – taken from 
one experiment. 
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Appendix B QUALITY ASSESSMENT OF TOTAL 
RNA SAMPLES DERIVED FROM STM AND F. 
TULARENSIS U937 SCREENS 

B.1. RNA extracted from STM U937 screen samples: Quality 
assessment and processing for next generation sequencing 
(NGS) 

The concentration and quality of the extracted RNA was measured on a 2100 Bioanalyzer 

(Figure B.1, Table B.1). The RNA from both samples in experiment A and the control sample 

in experiment C were degraded, as observed by the complete lack rRNA bands in the first 

two and lower running of the bands in the latter (indicating a shorter fragment of RNA). 

Therefore, these experiments were not analysed further. Experiment B is not represented 

in the following figures and tables due to a technical error resulting in no RNA. The ratio of 

28S and 18S band intensities for experiments D, E, F and G were all close to 2 and the RNA 

integrity numbers (RINs) were all ≥9; both of which are indicators of good quality 

(Schroeder et al., 2006). The range of RIN numbers is 1 (degraded) to 10 (completely 

intact). To replace experiments A and C, 2 further experiments (H and I) were performed 

and the resulting RNA measured (Figure B.1B, Table B.1). Unfortunately, the RNA quality of 

H infected was not as good, with a noisy gel lane and a RIN of 5.3. A threshold RIN of 5.5 is 

suggested as meaningful for qRT-PCR data (Schroeder et al., 2006), though a standardised 

RIN cutoff has not been identified (Gallego Romero et al., 2014; Reiman et al., 2017). 

Nevertheless, this experiment pair was retained for further analysis. 

RINs were not calculated for Original Library (Original Lib.) replicates 1 (R1) and 2 (R2) as 

the marker for these wells was not called; however, the quality could still be estimated 

using the ratio of 28S and 18S rRNA intensities (Figure B.1B, Table B.1). The RNA quality of 

Original Lib. R1 was relatively good (28S and 18S rRNA intensity of 2.15) but the quality of 

Original Lib. R2 RNA appears to have suffered; the bands are clearly much lower than in 

other lanes (Figure B.1B). The bioanalyzer reports the 28S:18S rRNA intensity as 0.0 but 

perhaps this is due to the bands being in a different place. If the electropherograms (Figure 

B.2) are analysed directly, they show distinct 18S and 28S fragment peaks for Original Lib. 

R1 and Original Lib. R2 comparable to electropherograms for other samples with high RIN 

numbers (e.g. I-Control and I-Infected). The lack of reported RIN numbers and odd band 

placement are likely to due to a combination of low marker intensity and high RNA 

concentration.  
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Figure B.1 Selection of infection-Control pair replicates that produced the highest quality 
RNA.  RNA extraction samples from experiments D, E, F, G, H and I were of good quality. The 
thick upper band is human 28S RNA and the lower band is human 18S RNA. Artificial nano 
RNA gel from Agilent Bioanalyzer. The red bars above the gel lanes indicates a warning 
given by the analysis programme, in (A) sample 1 the warning indicated that the 
concentration was too high to give an accurate RNA integrity number (RIN). In (B) samples 5 
and 6, the marker was not called, preventing the programme from calculating the RIN.  
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Table B.1 Quality of total RNA extracted from chosen samples is sufficient for RNA-Seq. 

RNA concentration (ng/µL), ribosomal RNA (rRNA) ratio and RIN numbers calculated by a 

2100 Bioanalzyer. Total RNA for each sample was diluted in nuclease free water to 

normalise the overall concentration of RNA to the sample with the lowest RNA 

concentration and thus normalise the depth of subsequent sequencing. This step was 

performed prior to cDNA synthesis. The volume of RNA used for normalisation per sample is 

listed in the far righthand column. The letter at the beginning of the sample name refers to 

the experiment, n=6 for Infected and control samples, n=2 for Original Library (OR) samples. 

Figure B.1 
position 

Sample concentration 
(ng/µL) 

rRNA Ratio 
[28s / 18s] 

RIN Volume (μL, up to 
11 μL) to normalise 
to I infected 

Gel A, 5 D 
control 

853 1.88 10.0 2.45 

Gel A, 6 D 
infected 

610 1.80 9.7 3.43 

Gel A, 7 E 
control 

935 2.15 10.0 2.24 

Gel A, 8 E 
infected 

555 1.97 10.0 3.77 

Gel A, 9 F 
control 

1780 1.95 10.0 1.17 

Gel A, 10 F 
infected 

324 2.20 9.9 6.45 

Gel A, 11 G 
control 

1380 2.12 10.0 1.52 

Gel A, 12 G 
infected 

340.7 1.99 9.9 6.13 

Gel B, 1 H 
control 

3420 1.83 8.2 0.61 

Gel B, 2 H 
infected 

356 1.31 5.3 5.87 

Gel B, 3 I 
control 

1860 1.74 10.0 1.12 

Gel B, 4 I 
infected 

190 1.88 10.0 11.0 

Gel B, 5 OR1 1330 2.15 N/A 1.57 

Gel B, 6 OR2 1200 0.00 N/A 1.74 

 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

308 | P a g e  
 

 

Figure B.2 The RNA quality of OR1 and OR2 is good. The RNA electropherograms of H-
Infected, I-Control, I-Infected, Original lib. R1 (OR1) and Original lib. R2 (OR2) from an 
Agilent 2100 Bioanalyzer. RIN values are calculated based on the ratio between the 18S and 
28S fragment peaks, the background noise and the RNA marker. A sample containing 
background noise and a reduced 28S fragment peak (H-Infected) is presented as an example 
with lower quality (RIN of 5.3); as well as samples with high quality RIN values with different 
concentrations (I-Control, I-Infected, both RIN of 10). 

 

Table B.2 states the concentration and quality (as measured on a nanodrop) of the purified 

RACE PCR products from the STM U937 screen (Chapter 4) ready for shipment to Glasgow 

Polyomics for sequencing library construction and next generation sequencing. 
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Table B.2 DNA concentration and quality of purified GT screen RACE PCR material prior to 
DNA library preparation and sequencing. DNA concentration and quality measured by 

nanodrop prior to sending samples to Glasgow Polyomics for DNA library preparation and 

sequencing. The letter at the beginning of the sample name refers to the experiment, n=6 

for Infected and control samples, n=2 for Original Library (OR) samples. 

Sample Concentration 
(ng/ µL) 

260/280 
ratio 

260/230 
ratio 

D control 494 1.85 2.20 

D infected 573 1.85 2.20 

E control 525 1.85 2.19 

E infected 493 1.86 2.23 

F control 441 1.85 2.20 

F infected 437 1.85 2.24 

G control 461 1.86 2.24 

G infected 453 1.86 2.20 

H control 437 1.85 2.19 

H infected 471 1.86 2.20 

I control 484 1.86 2.23 

I infected 455 1.86 2.19 

Original Lib. R1 423 1.85 2.24 

Original Lib. R2 467 1.86 2.23 
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B.2. RNA extracted from F. tularensis LVS U937 screen samples: 
Quality assessment and processing for next generation 
sequencing (NGS) 

The concentration and quality of the total RNA extracted from F. tularensis LVS U937 screen 

samples was measured on a Tapestation (Figure B.3). The ratio of 28S and 18S band 

intensities for experiments A, B, C and D were quite variable but the RINs were all ≥9, 

indicating high quality. RIN numbers, where available, are widely held as more accurate 

than 28S :18S intensity ratios (Schroeder et al., 2006).  
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Figure B.3 U937- F. tularensis LVS GT library screen RNA samples are good quality. RNA 
concentrations and quality values (RINe, 28S/18S ratio, a ratio of 2 is good) obtained from 
an Agilent Tapestation system. The 28S rRNA band ideally should be twice as intense as the 
18S rRNA band, which indicates no RNA degradation. All RIN numbers indicate near-perfect 
quality RNA (RIN of 10 is undigested). Letters in sample name indicate a specific experiment 
(n=3 for infected and control samples, n=1 for each passage control).  
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Appendix C INVESTIGATION OF SUITABLE GT 
NGS PRE-ALIGNMENT PROCEDURES 

The following section describes in more detail work summarised in Chapter 5, Section 5.2.2. 

C.1. Cutting 

As previously identified in Section 5.2.1.4, GT cassette and cDNA synthesis primer 
sequences comprise a considerable proportion of the raw sequencing files. Indeed, based 
on the summary of the potential consequences of fragmentation in Figure 5.1, a substantial 
proportion of the reads were expected to contain GT cassette sequences, primers, or GT 
cassette - mRNA spanning reads or primer. Exogenous GT cassette - mRNA spanning reads 
with a significant GT cassette region are unlikely to align, therefore the information 
contained is lost. With this in mind, GT cassette sequences should ideally be removed from 
sequence reads before alignment; however, this should be weighed against the loss of 
potentially mappable sequences. A pertinent aspect of Cutadapt is that surviving single and 
paired reads are separated.  After some investigation, it was found that adding orphaned 
reads back into the paired output (after Cutadapt or Trimmomatic) was not possible using 
Galaxy. 
To begin, the reverse complement of the sequencing primers were put into Cutadapt 
Galaxy Version 1.16.6 (Martin, 2011) on usegalaxy.org to cut them from the 3’ end of the 
sequences in sample D-control (used as a representative sample for this optimisation 
stage). Additionally, the sequences for the cDNA synthesis primer and GT vector exon were 
provided for removal from the 5’ end, as well as the respective reverse complements from 
the 3’ end. If a sequence is provided to cut from the 3’ end, Cutadapt can match it to the 
middle of a read (before the 3’ end of the sequence), cutting off the matching sequence as 
well as any following sequence, match it to the end of the sequence, or match the edge of 
the provided sequence to the 3’ edge of the read (Figure C.1A). If sequences are provided 
for the 5’ end of the read, Cutadapt will only match it if the whole sequence matches the 
read or if the edge of the sequence matches the 5’ edge of the read. Cutadapt will not 
match a 5’ sequence to the middle of the read or part of a 5’ or 3’ sequence to the middle 
of a read (Figure C.1B).  
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Figure C.1 Cases in which Cutadapt will remove or not remove a matching region of a 
read. Cases for which a region that matches a supplied sequence (adapter) will be removed, 
A. Cases for which a region that matches a supplied sequence (adapter) will not be 
removed, B. A has been adapted from Galaxy Main https://usegalaxy.org/ Cutadapt 
documentation summary. 

 
FastQC reports were prepared for the surviving forward and reverse read output from 

Cutadapt to identify further potential GT cassette sequences to be removed in an iterative 

process. Most of the overrepresented sequences in this iteration were versions of the GT 

vector sequences and 3’ RACE1 primer, a couple matched sequences in the human genome 

(using the Blat tool from the UCSC genome browser) (Kent, 2002) and some failed to match 

any sequence on NCBI Blast (McGinnis and Madden, 2004). The known GT vector and 3’ 

RACE1 primer sequences identified in forward and reverse samples were cut from the ends 

of the respective sequences using Cutadapt again. Following this second round, a further 

FastQC report was prepared for the forward and reverse files and the overrepresented 
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sequences were fed into a third Cutadapt. The FastQC overrepresented sequences module 

only reported a list of short sequence strings following the third Cutadapt; therefore, the 

Cutadapt output was fed into Trimmomatic to trim the reads to a minimum average Phred 

of 20 and filtered by size as described in Figure 5.7B. FastQC reports for the forward and 

reverse files were prepared to check the quality as well as any remaining overrepresented 

sequences. Sequences newly identified as overrepresented matched GT cassette 

sequences, 3’ RACE1 and cDNA synthesis primers in both forward and reverse files. Thus 3 

more rounds of Cutadapt were performed iteratively (six in total), with FastQC reports after 

each feeding identified overrepresented sequences into subsequent rounds of Cutadapt. 

Further FastQC reports identified no known overrepresented sequences, so a final round of 

Trimmomatic was performed with the same settings (the surviving paired sequence files 

are known as (Cut x3-Trim) x2). The final FastQC reports performed on the forward and 

reverse files identified further overrepresented sequences - in all cases these matched the 

human genome (UCSC genome browser and NCBI nucleotide Blast) and are likely the 

desired target host defence/susceptibility genes. The sequence length distribution and per 

sequence quality scores (measured by FastQC) improved after each round of Trimmomatic; 

the vast majority of reads had a length of 75 bases, with a small number varying in length 

between 75 and 20 bases. The mean sequence Phred score after Trimmomatic was 20 or 

greater. The per base sequence content and GC content distributions also moved closer to 

the ideal distribution for RNA-Seq data following the iterative rounds of Cutadapt and 

Trimmomatic (Figure C.2). Comparison of the per base sequence content between the raw 

(Figure C.2A) and (Cut x3 Trim) x2 (Figure C.2B) forward files shows that the overlapping 

spiked peaks representing each base had evened out into straighter horizontal lines as 

expected for RNA-Seq data without vector contamination. The guanine line increases in 

percentage at the end of the sequence (73-76 bases); which could be due to the addition of 

multiple guanines added to the end of the read after a drop in signal (a known, inherent 

technical fault). The NextSeq 500 sequencer uses 2-colour sequencing chemistry and codes 

guanine as black (or the absence of signal). Contrary to this hypothesis, the symptomatic 

increase in Phred score after a drop in quality was not present in the reads prior to 

Trimmomatic quality trimming (data not shown); therefore, it is more likely to be caused by 

unwanted vector sequences. Furthermore, after the iterative cutting and trimming was 

performed on the reads, the uptick in the percentage of guanine at the end of the reads 

was gone (Figure C.2B), suggesting that the removal of vector sequences also improved this 

abnormality. 

 
Comparison of the GC content distribution between raw (Figure C.2C) and (Cut x3 Trim) x2 
(Figure C.2D) forward files shows that the broad hump seen in the raw file as well as in the 
other raw files (Figure 5.5) has narrowed, albeit with 3 peaks between 33-49% and a further 
peak at 53%. The peaks between 33-49% GC and the small bumps in the per base sequence 
content distribution in the (Cut x3 Trim) x2 files indicate that the sequence diversity might 
not be as high as in an ideal RNA-Seq run. This is expected, given the number of mutation 
events in each of the U937 GT libraries was predicted to fall between 1,000-10,000 (Dr 
Benjamin Pickard, 2018 personal communication, 29 June). The peak at 53% GC content 
(previously hypothesised as STM sequence contamination, Figure 5.5) was retained 
between raw and (Cut x3 Trim) x2 files; and thus is likely to represent low sequence 
diversity. Additionally, no overrepresented sequences were identified by NCBI nucleotide 



DSTLPUB127911 Content includes material subject to Crown Copyright © [2020]  

 

315 | P a g e  
 

Blast as being of Salmonella in origin, definitely excluding this explanation. The complete 
(Cut x3 Trim) x2 length filtering procedure will be known as pre-mapping procedure two.  
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Figure C.2 Both per base sequence content and GC count distribution approach expected 
values after iterative cutting and trimming. The per base sequence content A, B and GC 
content, C, D, distribution for an example dataset (D-Control reverse) before (raw sequence 
QC) A and C, and after, B and D, quality processing with Cutadapt and Trimmomatic, 
described here as (Cut x3 Trim) x2. In A and B, nucleotide composition along the length of 
the read (plotted on the x axis) is indicated as a percentage of total nucleotides in all reads 
in the sample by red (thymine), blue (cytosine), green (adenine) and grey (guanine) lines. In 
B, the number of reads (read count) is plotted on the y axis against the average (mean) GC 
content per read given as a percentage on the x axis. The GC content distribution of the 
sample is shown in red and the theoretical distribution which (anticipates a binomial 
distribution for all reads) is shown in blue. Graphs were made with FastQC report on Galaxy. 

 

C.2. Simply trimming retains more mappable reads than (Cut x3-
Trim) x2 

mRNA Sequencing reads need to be aligned to an official human transcriptome or genome 

to identify the gene they originated from. As the reads in this set of experiments are 

derived from mRNA produced by a GT cassette spliced to a human exon (or exons) of a 

gene, this may require novel transcript discovery, which requires use of the full human 

genome. Mapping transcripts to a reference genome requires a read alignment tool that 

can deal with intron length gaps in the sequence, known as a Gapped mapper (Conesa et 

al., 2016). The tool must also deal with mammalian genome levels of size and splicing 

complexity, as well as being available on Galaxy. Until 2016 TopHat was one of the most 

popular read alignment tools for RNA-Seq data but has since become deprecated on 

usegalaxy.org as it has not been updated for 4 years (Center for Computational Biology at 

Johns Hopkins University, 2016). HISAT2, another splice-aware read alignment tool (D. Kim 

et al., 2019; Pertea et al., 2016) is faster (Kim et al., 2015) and more accurate than TopHat 

(Baruzzo et al., 2017; Kim et al., 2015). It is available on Galaxy Main (one of the public 

Galaxy web servers) and was previously used by a collaborator to analyse a similar project 

(J. Yap Kean Yi 2019, personal communication 2nd August) and thus highly relevant technical 

advice was available. 

At this stage, a paired end read will only align to part of a gene, unless the gene is 
comparatively short, as the DNA fragments the read pairs were sequenced from were only 
300-350 bp long (Figure 5.1). For example, human transcripts can be as short as 19 bases, 
or extend to more than 2,000,000 bases (Kent et al., 2002). As previously noted, removing 
the exogenous sequences from the sequence reads would likely make some read pairs 
more mappable, but at the cost of losing potentially useful singly mapped reads. To 
determine which pre-mapping procedure generates the most mappable reads, the sample 
D-Control was subjected to both procedures before alignment onto the human genome (bg 
38, hg 38) with HISAT2 (settings in Chapter 2). The HISAT2 output statistics were compared 
by percentage (C.3A) and number (C.3B) of reads mapped. 
 
To decipher the read alignment output, some technical terms must first be defined. 
Concordant is the term used to described the situation when the forward read maps 
upstream of the reverse complement of the reverse read or the reverse complement of the 
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forward read maps downstream of the reverse read; that is, the paired ends map onto the 
same gene in the expected orientation and separation. Discordant refers to pairs of reads 
that align uniquely but outwith the paired-end constraints. Single-mapped reads are those 
that map without the read partner. In order of preference, HISAT2 looks for alignments that 
are concordant, then discordant, then single-read. Potential read alignments are 
additionally scored based on canonical or non-canonical splice sites, the length of the 
intervening gap (in the middle of a read or between reads) as well as several other settings. 
The highest scoring alignments are reported. Multi-mapped reads map equally well to 
multiple regions of the genome, while uniquely mapped reads have one reported 
alignment. Multiple alignments are only reported when the alignments are concordant, or a 
single read aligns in multiple locations. In contrast unique alignments of any type are 
reported. Multi-mapped reads occur due to repetitive sequence elements as well as read 
matches to genetically similar genes. The literature advises that multi-mapped reads should 
be kept as they form an appreciable proportion of the mappable sequences (Conesa et al., 
2016). 
 
In the HISAT2 output the total percentage - 60% - of aligned fragments (including all 

mapped reads) is much greater in the (Cut x3-Trim) x2 version compared to the simple 

trimmed version - 38% (C.3A). This confirms that a large proportion of the unmappable 

reads were partially or wholly GT cassette sequences. Indeed, a greater number of paired 

reads mapped concordantly in the (Cut x3-Trim) x2 version (approximately 5.3 million read 

pairs) (C.3B) than the simply trimmed version (approximately 4.8 million read pairs); 

indicating that some GT cassette-human exon reads were recovered and mapped. 

However, the total number of mapped fragments was lower for the (Cut x3-Trim) x2 version 

(approximately 8.2 million) than the simply trimmed version (approximately 10.1 million). 

The number of unique single-mapped reads retained in the simply trimmed version was 

substantially greater than the combination of unique single-mapped reads and paired reads 

that became concordantly mappable in the (Cut x3-Trim) x2 version. One would expect 

inaccurately aligned reads to have multiple equally possible alignments and inversely that 

most uniquely aligned reads are accurately aligned. Extensive loss of sequence reads alters 

differential gene expression (and representation) output if the distribution of these reads 

within the genome is biased. The distribution within the genome of the uniquely aligned 

single mapped reads retained by the simply trimmed method is unknown; therefore, it is 

better to retain these reads if they can be successfully incorporated in the subsequent 

analysis. Therefore, the simpler approach of trimming and length filtering appears to be the 

best pre-mapping procedure.  
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Figure C.3 The percentage of mapped reads was higher in the (Cut x3-Trim) x2, filtered 
sample, but the total number of reads was lower, hence trimming and filtering seems to 
be the best choice. A representative paired sample was either cut, trimmed and filtered - 
(Cut x3-Trim) x2, filtered - or only trimmed and filtered before mapping the surviving paired 
reads in HISAT2. The percentage (A) and number (B) of mapped reads for each pre-mapping 
procedure is presented in stacked bars; the colours are representative of different types of 
alignment (or unaligned). “Multi-” refer to reads that map to multiple regions of the 
genome, in contrast unique reads map to a single location. Concordance is when both reads 
in a pair map according to the paired end rules applied by HISAT2. Discordant refers to pairs 
of reads that align uniquely but outwith the paired-end constraints. Single refers to pairs 
where only one read can be mapped. Experiment performed once. 
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C.3. StringTie successfully incorporates single-mapped reads 
and paired end reads during transcript assembly and 
enumeration 

To determine the proportion of transcripts per trapped gene in infected samples compared 

to control samples, fragments matching each gene must be assembled into transcripts and 

the number of transcripts counted (this step). StringTie is one of many tools that assembles 

transcripts found in each experimental sample and counts the number of fragments 

mapped to each transcript and each gene. StringTie was chosen for this purpose as it was 

available on Galaxy Main and had been previously used by a collaborator to analyse a 

similar project (J. Yap Kean Yi 2019, personal communication 2nd August). 

To confirm which pre-mapping procedure is best, knowledge of whether single-mapped 

reads are incorporated into the transcript assembly and gene counts generated by StringTie 

is essential. To reiterate from Section 5.2.2.2, single-mapped reads refer to the read that 

mapped to the genome within a read pair. 

 To determine this, a representative sample (Original library sample 1) was trimmed and 

filtered, run through HISAT2 with or without the single read alignment preference and 

subsequently run with StringTie (settings described in Chapter 2). As part of this test, 

HISAT2 was run without the single alignment preference three times (each with a separate 

instance of StringTie). This was performed to capture any variation in the gene count 

resulting from equally well mapped randomly reported multi-mapped alignments. HISAT2 

uses a random number generator to decide what alignments to report when fragments 

map equally well to multiple loci. The StringTie gene count output reports how many 

transcripts could be assembled for each gene, thus, all genes with one or transcripts were 

counted as represented. The inclusion of single read alignments in the HISAT2 run resulted 

in 1,200 more genes represented in the gene count data, an increase of more than 30% 

(Figure C.4). Additionally, no variation was seen in the gene count data between HISAT2-

StringTie replicated runs on the same sample, therefore, this was not a concern. To 

summarise, the second pre-mapping option (simple trimming and filtering), retains more 

mappable reads; the biggest differing subgroup of alignments are the single mapped reads, 

which can (like other types of alignment) be incorporated into the downstream analysis. 
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Figure C.4 StringTie makes use of single-mapped reads to produce gene counts. StringTie 

total number of genes with 1 or more counts from HISAT2 runs with (technical n=3) and 

without single alignments (technical n=1). Q20 trimmed and 20 base length filtered original 

library sample 1 used in HISAT2 runs. By default, HISAT2 attempts to find alignments for 

both reads individually (termed mixed behaviour in programme preferences) if no 

concordant or discordant alignments can be found. Single-mapped reads refer to the read 

that mapped to the human genome within a read pair. Experiment performed once. 


