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Abstract 
 

The innate lymphoid cells (ILCs) ILC1, ILC2, and ILC3, which also includes the natural 

killer (NK) cells are important regulators and first line responder during pathogen 

invasion. The role of ILCs was evaluated using FACS sorting, cytokine production and 

surface markers analysis, cell depletion, heat killed bacterial immunisation and 

bacterial infection. 

This study hypothesised that following immunisation mice would be able to restrain 

bacterial growth and aimed to investigate the magnitude and longevity and specificity 

of the response. Depletion of CD90+ cells resulted in the inability of mice to control 

bacterial infection whereas depletion of NK cells did not affect the control of bacterial 

infection. The burden of P. aeruginosa in mice immunised with heat killed P. 

aeruginosa and infected with live bacteria 10 days post immunisation was significantly 

lower on mice that received the immunisation showing a positive effect of vaccination.  

The inability to control the bacterial infection was also observed in mice lacking ILCs; 

however, mice with ILCs also failed to completely clear the infection suggesting that 

ILCs alone are not able to maintain the protective response. Specificity was 

demonstrated here as mice immunised with P. aeruginosa and infected with either E. 

coli or S. aureus had higher counts of P. aeruginosa. Experiments in RAG1 knockout 

(Ko) mice lacking T and B cells, which received immunisation at different time points 

and infection on day 0 post immunisation led to an increased level of the 

proinflammatory cytokine IL-22.  These results led to the conclusion that specific 

resistance to bacterial infection in mice through ILCs is possible and suggests the 

infection caused by P. aeruginosa caused activation of ILC3 subset, recruitment of 

neutrophils and other immune cells and production of IL-17 and IL-22 cytokines. 
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Introduction 

Antibiotics were a major achievement in the field of medicine to fight against bacterial 

infection; however, the effectiveness of antibiotics is rapidly declining due to the 

emergence of mutations resulting in antibiotic resistant strains of bacteria. This 

resistance is a result of factors such as genetic alterations, decrease of membrane 

and wall permeability (Croughs et al., 2018; Peterson & Kaur, 2018).  Antibiotic 

resistance is a major cause of hospital acquired infections, with immunocompromised 

patients being the most impacted (Bassetti et al., 2018). The increased 

ineffectiveness of antibiotics to fight bacterial infections has resulted in an urgent need 

to find new strategies to fight these opportunistic infectious diseases. 

 

1.1 Immunity 

Our immune system is made of skin, mucosa and mucus of the gastrointestinal, 

reproductive and respiratory tract as physical components, for example, tears and the 

acidic environment of the stomach as chemical components; complement system, 

cytokines and antibodies as part of the humoral immunity and phagocytes of the 

innate immune system, T lymphocytes, B lymphocytes and innate lymphoid cells as 

components of the cell-mediated immunity. These components of the immune system 

have developed to help the body to survive external attack by infectious 

microorganisms such as bacteria, viruses, fungi and parasites with the ultimate goal 

of acquiring immunity by overpowering and thus surviving the disease caused by the 

pathogen (Riera et al., 2016). Immunity was first observed in 1796 when a healthy 

boy inoculated, by Jenner, with pus from an animal infected with cowpox survived the 

infection after acquiring the disease for the first time and had no signs of disease 

when challenged with the same pathogen for the second time (Akira, 2009). 

These cellular components of the immune system are found throughout the body and 

divided into the innate immune system made of innate immune cells from the myeloid 

lineage such as the granulocytes mast cells to produce pro-inflammatory substances, 

neutrophils to neutralise and phagocyte bacteria, eosinophils to induce an 

inflammatory environment and attract other immune cells and basophils that will also 

release the pro-inflammatory histamine and prostaglandin (Riera et al., 2016b). The 

myeloid cells which includes the macrophages, monocytes and dendritic cells; the 

lymphocytes which includes the natural killer cells and the innate lymphoid cells, are 

innate cells that provide a rapid response, acting as the first line of defence protecting 
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the epithelial barrier, secretion of antimicrobial peptides and the activation of the 

adaptive immune system if the innate cells fail to contain the infection/pathogen 

(Gardiner & Mills, 2016). The cytolytic T cells are activated to fight intracellular viruses, 

tumour cells and extracellular parasites (Kumar et al., 2018), and the B cells are 

activated to produce antibodies (Cyster & Allen, 2019). Both T and B cells are 

lymphocytes of the adaptive immune system that provide a type of delayed response 

that leave long lasting and specific immunological memory cells (Riera et al., 2016).   

These immune cells when activated will destroy and stop the spread of bacterial, viral 

and fungal infection, but when the immune response is not capable of protecting the 

host, artificial methods such as antibiotics are used to help control the infection. 

 

1.2 Immune cells origin 

Cells of both the innate and adaptive immune systems originate from the bone 

marrow, by a process known as haematopoiesis, the process of formation of blood 

cells, from which at different stages when stimulated with the appropriate cytokine 

such as the hematopoietic stem cell (HSC) a different cell lineage is formed and at 

every stage the new lineage becomes more specialised and more restricted to a 

particular lineage (Kondo, 2010). The HSC develops into a multipotent progenitor 

(MPP) and the MPP gives rise to the common myeloid progenitor (CMP) that can give 

origin to all lymphocytes which includes the T, B, NK (Natural Killer) and ILC (Innate 

Lymphoid Cells) cells, and the common lymphoid progenitor (CLP) where the 

megakaryocytes, erythrocytes, mast cells, basophils, eosinophils, neutrophils, 

dendritic cells and macrophages are included, this hematopoietic process is 

controlled by cytokines (Figure 1.1) (Perié et al., 2015). 

Cytokines are small soluble proteins produced by almost every cell of the immune 

system and tissue to communicate with each other. They are key regulators of many 

biological processes; their role varies from activation to stimulation of cells and 

pathways when they are released from the producing cells and act on the target cell 

(Ray, 2016). Their role in haematopoiesis has been described by L. Robb in a study 

that describes that the binding of cytokines such as interleukins, colony-stimulating 

factors, interferons, erythropoietin and thrombopoietin to their cognate receptor 

stimulates colony forming unit and colony forming cells to proliferate and to 

differentiate into precursors that will gradually lose the ability to differentiate into 

different cell lines and become committed to a particular lineage (Robb, 2007). 
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also required for human ILC2 development and function (Yang et al., 2014), 

lymphocyte function-associated antigen 1 (LFA-1) is expressed by human NK cells 

but not by murine NK cells but expressed in both human and mouse ILC2 (Schulz-

Kuhnt et al., 2020). 

 

 

 

 

Figure 1.1 Immune cells formation and cytokines involved. The HSC has the 

ability to self-renew itself. Stimulation of HSC by SCF and TPO causes differentiation 

towards primitive progenitor cells CMP which in presence of IL-3, SCF and TPO 

(thrombopoietin)   differentiates into the committed precursors MEP, but when 

stimulated by GM-CSF CMP differentiates into GMP, further stimulation of GMP by 

M-CSF causes this cell to differentiate into monocytes and when stimulated by G-

CFS, IL-5 and SCF GMP differentiates into neutrophils and eosinophils. When 

megakaryocyte erythroid progenitor (MEP) is stimulated by TPO differentiates into 

lineage committed megakaryocyte progenitor (MkP) which will differentiate into 

platelets are created and when stimulated by erythropoietin (EPO) lineage committed 

EP (erythroid progenitor) that differentiates into erythrocytes are generated. The 
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lymphoid progenitor CLP is formed from the HSC in the presence of IL-7 which in turn 

will differentiate into TNK and BCP (B-cell progenitor) when also stimulated by IL-7, 

further stimulation of TNK by IL-7 and IL-12 causes this committed precursor to 

differentiate into T cells and NK cells when stimulated by IL-7 and IL-15. The 

committed progenitor BCP when stimulated by IL-4 differentiates into B cells. In 

human, the ILC differentiation is almost the same a few differences are observed such 

as in mice HSC differentiates into CLP and in human HSC gives rise to CLP-like HPC, 

early innate lymphoid precursor (EILP) and common helper innate lymphoid precursor 

(CHILP) in mice but in human the common lymphoid progenitor-like hematopoietic 

progenitor cells (CLP-like HPC) is the precursor to ILCP only (Ai Ing Lim and James 

P. Di Santo, 2019) (Robb, 2007). 

 

1.3 Innate Immunity 

Much of the potential of innate immunity was first demonstrated in non-vertebrate  

models, where it was shown that immunological memory, exhibited by an enhanced 

ability to survive infection, is possible in an invertebrate  which lack adaptive immune 

cells (Sadd & Schmid-Hempel, 2006). This elevation in the response of phagocytic 

cells following pathogen exposure has also been observed in vertebrates, including 

humans. This is exemplified by the fact that large epidemiological studies have 

demonstrated that children immunised with BCG have reduced mortality at levels 

beyond simply those attributable to prevention of tuberculosis (Gardiner & Mills, 

2016). This is, however,  a general non-pathogen specific boost of the function of the 

cells was observed after being exposed to a small dose of pathogen or heat killed 

pathogen (Levy & Wynn, 2014). This resulted in upregulation in production of 

proinflammatory cytokines and enhanced expression of specific surface markers (van 

der Meer, Joosten, Riksen, & Netea, 2015). 

 

1.3.1 Immunological memory 

Memory is described as the ability to store and recall information on previously 

encountered characteristics (Netea & Van Crevel, 2014). The main reason behind the 

dogma that the innate immune system cannot develop memory is due to the lack of 

other cell mechanism beside the ones found on T and B cells receptors which are 

capable of providing immunological memory.  
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these barriers are capable of stopping the invading microorganism, cells of the 

immune system will be activated (Turvey & Broide, 2010). 

The first step after encountering something that does not belong to the organism (non-

self) is to attract immune cells to the affected sites through the production of cytokines 

(Newton & Dixit, 2012). Cytokines are small protein molecules that mediate cell-cell 

interaction and are produced by the immune system to play a role in the defence 

mechanism process (Iwasaki & Medzhitov, 2015). If the innate immune system fails 

to efficiently eliminate the foreign microorganism, it will culminate with the activation 

of the adaptive immune system through the action of the antigen presenting cells, 

including the macrophages and dendritic cells (Boraschi & Italiani, 2018). 

The mechanism of defence that requires the antigen specific T lymphocytes and the 

production of antibody comes second to the innate or primary immune response. 

Innate recognition is mediated by protein structures known as pathogen recognition 

receptors that recognise structural repeats found in the microbes but are absent in 

the host (Akira et al., 2006a). The DCs engage with the pathogen and activates the 

production of cytokines also helps in the immune response as antigen presenting 

cells. The majority of the cells that constitute the innate system such as the 

macrophages and neutrophils, which eradicate foreign bodies such as bacteria (Akira 

et al., 2006a). Another major component of that system is the complement pathways 

or humoral immune response, divided in three distinct pathways activated to directly 

destroy the invading microorganism or to opsonise it for phagocytosis (Daha, 2011). 

The two complementary systems within the immune system are best distinguished by 

the time they take to become active (Table 1.2). The innate becomes active within a 

short period of time, that system (phagocyte mediated) is available during the first 

days of infection (Levy & Netea, 2014). Whereas the adaptive takes a lot longer to 

become active, up to two weeks to mount an effective immune response (Marshall et 

al., 2018).  

 

1.6 The physical barriers 

1.6.1 Skin 

The skin protects the internal part of the body from external environmental changes; 

external pollutants such as dust; and from pathogens trying to gain entry to the host. 

As well as being physical barrier, it is also able to produce antimicrobial peptides such 
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1.7 Lymphocytes 

The goal of an immune response is to efficiently destroy anything that poses a threat 

to the integrity of the organism such as foreign antigens, independent of the nature of 

the foreign body that could be internal or coming from outside the body. The immune 

response is coordinated with accuracy to make sure that the necessary component 

will get to the local of injury and neutralise the invading pathogens, for the cells of the 

immune systems to reach the designate site many obstacles have to be overcome. 

Obstacles such as the infiltration of the circulating cells trough the endothelial cells 

from the blood and the coordinates are given by the chemokines that will direct the 

immune required cells to the local where they are required for pathogen elimination 

and tissue homeostasis (Daha, 2011). 

Thus, our immune system is made of cells and molecules that act as an army to 

protect us against microbial, mechanical and physical injury. Firstly, they recognise 

the traumatic event as something that is not part of the normal environment or not 

self, and then they set up a series of events that will culminate with the elimination of 

the threat. 

The immune system is also made of a number of organs and lymphoid tissues, which 

act as centre for formation, maturation and differentiation of lymphocytes such as the 

bone marrow, thymus, lymph nodes and spleen (Chaplin, 2010).  The bone marrow 

and the thymus are primary lymphoid organs, whilst the spleen and lymph nodes are 

secondary lymphoid organs (Bar-Ephraïm & Mebius, 2016). Lymphocytes originate in 

the bone marrow from a precursor stem cell and develop into two distinct lymphocyte 

populations the myeloid and lymphocytes (Klose et al., 2014b). One precursor cell will 

migrate to mature in the thymus and develop into T cells (Koch & Radtke, 2011). 

An alternative precursor lineage will continue their differentiation process in the bone 

marrow from where they leave as mature B cells (McHeyzer-William et al., 2012). All 

mature lymphocytes leave the primary lymphoid organs to circulate throughout the 

body (Melchers, 2015). The cells arising from the bone marrow includes the myeloid 

cells which consists of granulocytes (basophils, mast cells, neutrophils and 

eosinophils) and dendritic cells, monocytes and macrophages; the lymphocytes 

encompassing T cells, B cells and innate lymphoid cells (ILCs) (Geissmann et al., 

2010). 

The B cells have specific antigen receptors, these receptors are immunoglobulins 

attached to the surface of the cell and are called B cell receptors (BCR) 
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(Schweighoffer & Tybulewicz, 2018). These cells are involved in the presentation of 

antigen involved in activating T cells and in the production of pro-inflammatory 

cytokines (Häusser-Kinzel & Weber, 2019). After the binding of the antigen to BCR 

the B cells become activated and proliferate, some will mature into plasma cells and 

start to produce antibodies that are specific to the antigen, others become memory B 

cells (Schweighoffer & Tybulewicz, 2018). 

T cells have specific receptors on their surfaces, called T-cell receptors (TCR) which 

binds to specific antigens displayed in the surface of an antigen presenting cell (APC) 

(Turvey & Broide, 2010). Their role is not to destroy or kill the foreign pathogen but to 

direct the process so that other cells can perform the task (Min-oo e al., 2014). The 

ILCs, are the most recently identified members of the lymphocyte family, they lack the 

common lineage markers, the different subsets of share some surface markers but 

they differ in the expression of transcription factor (Artis & Spits, 2015). These innate 

cells have been demonstrated to play a role in the immune response against viral and 

bacterial infection, cancer, and parasitic infections (Chan et al., 2019; Gieseck et al., 

2018). Thus, lymphocytes are divided into innate lymphocytes where the ILCs are and 

the adaptive lymphocytes which includes the T and B cells. 

 

1.8 Innate Lymphoid Cells (ILCs) 

Innate lymphoid cells are a newly discovered family of heterogeneous innate cells 

they display lymphoid morphology but lack the markers commonly associated with 

other lymphoid cells (Simoni & Newell, 2018b).  

The innate lymphoid cells are cells of the innate immune system, of lymphoid origin 

that display effector functions such as cytokine production upon activation, and share 

a lot of similarities with the T helper (Th) cells such as the cytokine profile and 

transcription factors required for development (Seillet et al., 2014a).  They however, 

unlike T and B cells ILCs do not express antigen specific receptors and so they are 

incapable of interacting directly with invading pathogens to mediate the inflammatory 

response. Communication between ILCs and the other cells is made via ILCs 

producing cytokines that will activate and or modulate the activity of other cells of the 

immune system (Tait Wojno & Artis, 2016). 

Through the action of these cytokines, antigen presenting cells, DC and macrophages 

are recruited for activation of the adaptive immune system. Among the recruiting cells 
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1.14.1 B cells 

The B cells or B lymphocytes also arise from the bone marrow from which site they 

mature and migrate to spleen, where they continue to mature (Schweighoffer & 

Tybulewicz, 2018). The process of B cell maturation is controlled by clonal selection, 

in which the B cell clones with low affinity are selectively deleted (Stebegg et al., 

2018). The mature B cells have a unique antigen-binding receptor on their 

membranes and do not need the action of the APC to recognise an antigen, they are 

able to recognise unbound antigens by the membrane bound B cell receptor (BCR) 

and the B cell main function is to produce antibodies and is particularly specific to 

each cell (Musette & Bouaziz, 2018). They help the immune system through the 

production of antibodies directed against the targeted antigenic epitopes to protect 

the host by opsonising the invading pathogen for phagocytosis and lysis (Figure 1.6) 

(Pieper et al., 2013). Following activation, B cells will proliferate into memory B cells 

(Figure 1.7). During a second encounter with the same pathogen, the B cells are 

present in an increased number of cells which in turn will activate the memory cells 

that does not need to go through the development and will immediately differentiate 

into antibody secreting plasma cells (Hofmann et al., 2018).  As it occurs with the T 

cells, the surviving long lasting B cells will be involved in a much faster response if 

the organism ever encounters the same pathogen again (Warrington et al., 2011) by 

a process known as somatic hyper mutation (Meffre et al., 2001). Although, these 

cells do not belong to the myeloid lineage they are also capable of present antigen, 

which they internalised and later present as peptides on their surface (Musette & 

Bouaziz, 2018). ILCs have been reported to interact with marginal zone B cells to 

ensure these cells survival and differentiate into plasmablasts (Giuliana et al., 2014). 
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Figure 1.8 Differences between Primary and Secondary Immune Response. 

When an organism encounters a pathogen for the first time it will initiate a primary 

immune response which is short, less efficient and the amount of IgM antibodies 

produced is larger than the produced IgG compared with the secondary immune 

response where IgG are produced in larger amounts compared with the IgM. The 

secondary immune response is initiated when the same pathogen is encountered 

again. That response is faster, more efficient, long lasting than the primary and some 

of the cells involved will remain as memory cells after the immune response has 

ceased (https://microbiologynotes.com/differences-between-primary-and-secondary-

immune-response/). 

 

Table 1.2 Primary immune response vs Secondary immune response 

Primary immune response Secondary immune response 

Rapid response as a result of primary 

contact with an antigen. 

Rapid response to a recognised 

specific antigen 

Rapid recruitment of immune cells Rapid production of antibodies 

Takes 4-7 to respond to a second 

encounter with the same pathogen 

Takes 1-4 days to respond to a second 

encounter with the same pathogen 

Level of antibody reaches peak in 7 to 

10 days. 

Level of antibody reaches peak in 3 to 5 

days. 

Immunity is achieved in a long period of 

time 

Immunity is achieved in a short period 

of time 

Cells involved are: macrophages, 

dendritic cells, mast cells, neutrophils, 

basophils, eosinophils, NK cells 

Cells involved are: T cells and B cells 

Molecules: cytokines, complement and 

proteins 

Molecules: antibodies and cytokines 

The strength and magnitude of 

response do not change 

The response is increased in the 

second and subsequent encounters 

The primary response is immediate The primary response is delayed 

Primary response appears mainly in the 

lymph nodes and spleen. 

Secondary response appears mainly in 

the bone marrow, followed by the 

spleen and lymph nodes. 

Adapted from (Warrington et al., 2011)  

https://microbiologynotes.com/differences-between-primary-and-secondary-immune-response/
https://microbiologynotes.com/differences-between-primary-and-secondary-immune-response/
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1.15 Innate and Adaptive immune system 

The immune system allows recognition of self from non-self, thus allowing us to 

neutralize and destroy invading organisms.  This highly dynamic system is divided 

into the innate and adaptive immune systems (Netea et al., 2019).  The innate 

immunity which is made up of non-cellular components such as the complement 

system, epithelial barrier, antimicrobial peptide secretions, chemical barrier, and 

cellular components as granulocytes, macrophages, dendritic cells, neutrophils, 

eosinophils, mast cells and natural killer cells is ready available to fight against 

pathogens in a non-specific manner (Quintin et al, 2014). In contrast, the adaptive or 

specific immunity is highly specific and exposure to a specific pathogen creates a 

memory response which confers long-lived protection via clonal expansion (Table1.4) 

(Netea et al., 2016). 

Whilst innate immunity provides immediate and robust response to a pathogen, it is 

not enough to control all infection. Some pathogens are sophisticated enough to 

escape under the radar of the innate cells and receptors thus an intervention of the 

adaptive immune system is required for a successful outcome. A highly regulated 

cross talk between the innate and adaptive arms of the immune system is essential 

for the successful elimination of a pathogen (Buchmann, 2014). 

Whilst the innate and the adaptive immune systems are working to robustly defend 

the host, it is also essential to keep regulate the response, this is done by Treg, which 

work within the immune system by chaperoning the immune response to limit the 

inflammatory response and avoid damage to the surrounding tissue (Shevyrev & 

Tereshchenko, 2020). 

The concept that an immunological memory response as a feature of the adaptive 

immune response has been re-evaluated in light of new studies which revealed long 

lasting protection via innate cells, which on immune cell population other than the 

well-known are capable of generating an enhanced response upon reinfection (Netea 

et al., 2016). 

One remarkable feature of the innate cells is the ability to activate and to instruct the 

cells of the adaptive immune system on the type of pathogen being dealt with and so, 

the type of response required from the adaptive system (Gerard et al., 2015). Once 

the adaptive cells, which have specific receptors, are activated they will do a more 

specific recognition of the invading pathogen and as a result of that mount a more 

tailored response against the pathogen (Chaplin, 2010), at the end of the immune 
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response some of the activated cell will remain as memory cells and will be readily 

available to fight on a subsequent encountering of the same pathogen but an effective 

response from a system that is made of a large number of cells from different systems, 

requires an effective communication system which will account for the encountered 

physical and chemical barriers as well as the distance between the site where the 

intervention is needed and the distance or location of the required cells (Liu et al., 

2013). The problem posed by distance between the site of inflammation or injury and 

the recruitment of the required cell populations finds is solution in the production of 

cytokines and chemokines that will attract and direct cells or the required products to 

the site of injury (Newton & Dixit, 2012).  Thus, both systems act in cooperation as 

the response produced by the innate immune cells not only activate the cells of the 

adaptive but also instruct them to produce a more efficient response. 

 

Table 1.3 Features of the immune system 

Features Innate immune system Adaptive immune 

system 

Response time Minutes/hours Days 
Specificity Specific for molecules 

and molecular patterns 
associated with 
pathogens and 
molecules produced by 
dead/damaged cells 

Highly specific; 
discriminates between 
even minor differences 
in molecular structure of 
microbial or 
nonmicrobial molecules 

Diversity A limited number of 
conserved, germ line-
encoded receptors 

Highly diverse; a very 
large number of 
receptors arising from 
genetic recombination of 
receptor genes in each 
individual 

Memory responses Some cells (observed in 
invertebrate innate 
responses and 
mouse/human NK cells) 

Persistent memory, with 
faster response of 
greater magnitude on 
subsequent exposure 

Self/non self-discrimination Very good; no microbe-
specific self/nonself 
patterns in host 

Very good; occasional 
failures of discrimination. 
Result in autoimmune 
disease 

Soluble components of 
blood 

Many antimicrobial 
peptides, proteins and 
other mediators, 
including cytokines 

Antibodies and 
cytokines 

Major cell types Phagocytes 
(monocytes, 
macrophages, 
neutrophils, dendritic 

T cells, B cells, 
antigens-presenting 
cells 
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1.16.1 Interleukin 17 (IL-17) 

The interleukin-17 (IL-17) is a proinflammatory cytokine which plays an important part 

in fighting against fungal infections and are also present in many inflammatory and 

autoimmune diseases and dependent of IL-23 (in vivo) (Onishi & Gaffen, 2010) and 

on neutrophil recruitment during gram negative bacterial infection (Aujla et al., 2008). 

Although, ILCs were never seen as being involved in fighting against bacterial 

infection recent studies have shown that ILCs are a major source of IL-17 (Gladiator 

et al., 2013). There are six members on the IL-17 family the IL-17A, IL-17B, IL-17C, 

IL-17D, IL-17E and IL-17F and express the receptors IL-17RA, IL-17RB, IL-17RC, IL-

17RD, IL-17RE and IL-17RF (Pappu et al., 2011). 

 

The onset of an infection and autoimmune disease activates IL-17A production by 

ILC3 (Schulz-Kuhnt et al., 2020). Any ILC3 cell is able to produce both IL- 17A and 

IL-17F (Annunziato et al., 2015). ILC3 can detect fungal proteins directly via the 

pattern recognition receptor Toll-like receptor 2 (TLR2) or through activation of the IL-

23 (Seillet et al., 2014b). 

 

1.16.2 Interleukin 22 (IL-22) 

The interleukin-22 is produced by ILC3 during normal state, at that point the cytokine 

IL-22 is also produced to maintain homeostasis by keeping the commensal bacteria 

at bay and prevention of systemic propagation and inflammation (Killig et al., 2014), 

IL-22 is also important for protection against gram negative bacteria and in the 

absence of this cytokine bacteria can easily spread to the spleen (Aujla et al., 2008). 

The experiments done on IL-22 aim to elucidate if there are any changes in IL-22 

production during gram negative bacteria and if the increase is proportional to the 

post infection time. It is also important for maintenance of the epithelial cell barrier, in 

restricting the contact between the commensal bacteria and the epithelia and to 

protect against bacterial infection with Escherichia coli (E. coli) and Citrobacter 

rodentium (C. rodentium) (Via et al., 2001). 

All ILC3 subsets can produce IL-22 and are the major source of IL-22 early production 

during infection where the cytokine promotes tissue maintenance and immune 

protection (Ardain et al, 2019). It is important to mediate inflammation and to promote 

protection against invading pathogens. IL-22 is increased in patients with 
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inflammatory bowel disease (IBD) and mice completely lacking IL-22 are more 

susceptible to IBD induced in a number of experimental models (Diefenbach et al., 

2014). IL-22 is essential for the best defence against extracellular pathogens, such 

as bacteria against extracellular pathogens. In general IL-22 acts at the barrier and is 

involved both tissue repair as well as wound healing (Ardain et al., 2019). 

 

1.17 Receptors 

1.17.1 The innate receptors 

These receptors have been characterised as the endocytic PRRs (macrophage 

mannose binding receptor), secreted PRRs (mannose binding lectin), the signalling 

PRRs: C-type lectin receptors (CLRs), Toll-like receptors (TLRs), nucleotide-binding 

oligomerization domain-like receptors, retinoic acid-inducible gene-I (RIG-I) helicases 

and NOD-like receptors (Figure 1.9) (NLRs) (Jin et al., 2013). These receptors play 

important roles in fighting the invading pathogen by helping in detection. NLR are 

cytosolic thus able to recognise intracellular pathogens and cell products released 

during cell damage or stress also known as danger-associated molecular patterns 

(DAMPS) (Eisenbarth & Flauell, 2009). 

One of the fundamental functions of the innate immune system is the ability to 

recognise self from non-self. The innate immune system is activated by the 

engagement of the pattern recognition receptors (PRR), which are expressed on the 

surface of a range of cells (Eisenbarth & Flauell, 2009), with receptors found on the 

foreign or damaged self structure. These receptors can be located either at 

extracellularly, within the plasma membrane or intracellular (Kumar et al., 2011).  They 

are able to recognise, and bind sets of repetitive sequences on the invading pathogen.  

These repetitive sequence are called pathogen-associated molecular pattern 

(PAMPS) that are only common in the invading pathogen, examples include 

Lipopolysaccharide (LPS) (gram negative bacteria), lipoteichoic acid (gram positive 

bacteria), mannans (fungi), double stranded DNA (virus) (Ferro et al., 2019). 



https://www.cell.com/trends/immunology/comments/S1471-4906(13)00036-7
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that specific pathogen and perhaps other similar pathogens. Although, immunological 

memory has a potential to be beneficial to the host it can also have its disadvantages. 

For example, when pathogens of different virulence compete for the same host, a 

high or prevalent immunological memory would most likely select for the most virulent 

species of the infecting pathogen (Kurtz, 2004) and an early-life exposure of the 

immune system to trained immunity could increase the risk of developing chronic 

inflammatory disorders such as diabetes, stroke and cardiovascular diseases later in 

life (Levy & Wynn, 2014). 

 In light of this fact, it is important to ascertain that while investigating immunological 

memory we know when the immune cell responders have returned to baseline status. 

 

1.21 Mouse models of ILC function during P. aeruginosa infection 

To avoid problems in obtaining animal samples that can be replicated, Inbred strains 

which are obtained through the mating of 20 generations of brothers and sisters and 

are genetically identical, especially if from the same source (Sellers, 2017), and 

isogenic compared to outbred that are heterogenic, genotypically and phenotypically 

different. Using inbred animal increases the reliability of repeated samples by 

decreasing the probabilities of obtaining false results and increasing the statistical 

significance of the experiment. All mice used in these experiments are of C57BL/6 

background, it has been widely used for biomedical research because it can develop 

the clinical symptoms observed in humans (Chan et al., 2015). More specifically 

C57BL/6N, these mice are easy to maintain, bread, have a long life span and are able 

to mount a robust proinflammatory response (Fontaine & Davis, 2016). The 

C57BL/6N mice are genetically identical and were obtained from the National Institute 

of Health (NIH) (Zurita et al., 2011). 

RAG1 Ko and R2G2 mice also of C57BL/6 background in which genetic mutations 

were induced, were used to facilitate the study of ILCs memory function during 

bacterial infection without interference of cells of the adaptive immune system in the 

case of the RAG1 Ko and the R2G2 mice to study protection in the absence of the 

adaptive T and B cells as well of the ILCs. Knockout mice of C57BL/6 background are 

a choice for animal studies (Genetic polymorphism among C57BL/6 mouse inbred 

strains (2011 Jun; 20 (3): 481-9.doi: 10.1007/s11248-010-9403-8. Epub 2010 May 

27). 
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Animals were also sex matched to analyse any differences during the immune 

response between male and females. Although, male animals recovered faster than 

the females, which means that they were probably able to clear the bacterial infection 

faster than the females in this study, males were also the gender group with more 

mortality rate. The high mortality rate may be a side effect caused by an inability to 

control the stronger immune response. Investigate the cellular and molecular basis of 

the differences observed during the experiments would be of great interest. 

 

Previous studies have demonstrated that RAG knockout mice and the R2G2 are 

reliable to study the involvement of ILCs during an immune response in the absence 

of the adaptive system only or in the absence of the adaptive system and ILCs (Bando 

& Colonna, 2016). Another study has also used C57BL/6 to study inflammatory 

process during P. aeruginosa infection (Thompson et al., 2018) and C57BL/6 was 

also reported as the mice of choice to study the gram negative P. aeruginosa infection 

for its ability to develop the same inflammatory response as humans (Pletzer et al., 

2017). 

 

1.22 Hypothesis 

The hypothesise for this thesis is that immunisation of mice lacking the adaptive 

immune system when immunised with heat killed bacteria can generate a memory 

response when the immunised animals are challenged with the same pathogen and 

that response is brought about by the innate lymphoid cells. 

 

1.23 Aims 

The aims of this project are: 

To investigate the role of ILCs during bacterial infection 

To investigate the possibility of memory response by ILCs during bacterial 

infection 

To investigate the type of immune response 

To investigate the mechanism of the immune response provided by ILCs 

To investigate and compare cellular changes during diseased and normal 

state 
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Magnet for beads separation (StemCell, UK) 

Microplate spectrophotometer (Biotek, USA) 

Multichannel pipette (alphalaboratories, UK) 

Orbital incubator S1500 (Stuart, UK) 

Tips (10µl, 20µl, 200µl, 1000µl) 

Vortex (Davidson & Hardy, UK) 

Water bath (Stuart SWB series, UK) 

 

 

Software 

FlowJo (BD Biosciences, UK) 

GraphPad Prism software v5.03 
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2.2.3 Preparation of Staphylococcus aureus for infection 

The S. aureus (Q181) were grown overnight in a 50ml falcon tube containing 10ml of 

nutrient broth into which a single colony of S. aureus was inoculated, and the tube 

incubated at 37°C and shaking at 100 rpm. After the overnight growth on nutrient 

broth, the samples were centrifuged and washed twice in sterile endotoxin free sterile 

PBS by spinning at 3,220 g, at room temperature for 10 minutes. The obtained cell 

pellet was resuspended in 700µl of sterile PBS and the optical density adjusted at 600 

nm (OD600) to 0.25. The number of bacteria inoculated was confirmed by plating serial 

dilutions of the prepared suspension on mannitol salt agar. 

 

2.2.4 Preparation of Escherichia Coli for infection 

The E. coli (0157:H7) were grown in a 50 ml falcon tube containing 10ml of nutrient 

broth in which a single colony had been inoculated, and the tube incubated at 37°C 

and shaking at 100 rpm. After the overnight growth on nutrient broth, the samples 

were centrifuged and washed twice in sterile endotoxin free sterile PBS by spinning 

at 3,220 g, at room temperature for 10 minutes. The obtained cell pellet was 

resuspended in 700µl of sterile PBS and the optical density adjusted at 600 nm 

(OD600) to 0.25. The number of bacteria inoculated was confirmed by plating serial 

dilutions of the prepared suspension on nutrient agar. 

 

2.2.5 Serial dilutions 

A ten-fold dilution was prepared as follow: Six 15 ml falcon tubes were prepared with 

9 ml of PBS on each. Using a sterile pipette 1ml of the mixed sample was taken from 

the that has been taken from the box containing ice and added to the first tube 

containing the 9 ml of PBS to make the total volume of 10 ml (dilution 10-1). After 

mixing the dilution, a new tip was put on the pipette and 1ml of the mixture from the 

10-1 was added to the tube to make the dilution 10-2. The same process was repeated 

for all the tubes, by adding 1 ml from the previous and adding it to the next tube given 

a final dilution of 10-6. Six agar plates were prepared and with aid of one pipette 0.1 

ml was taken from each tube plated and spread on the previous labelled plate 

prepared for each dilution to find out how many viable cells are in each dilution.  The 

plates were incubated at 37°C.  
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culled at determined time point post infection. The spleen and/or peritoneal lavage 

were harvested. 

 

2.3.4 Culling and Sample collection 

Mice were culled using an approved schedule 1 of the Animals (Scientific Procedures) 

Act 1986 method. They were administered an intraperitoneal injection of 

Rompun/Ketamine (>340 mg/Kg of mice). The death of the animal was confirmed by 

cervical dislocation. The body of the culled mice were sprayed with 70% ethanol 

before initiating the dissection and a sterile surgical kit was used to extract the 

required organs. 

 

2.3.5 Peritoneal lavage 

Peritoneal lavage was collected by injecting 5ml of sterile ice-cold endotoxin free PBS 

into the mice abdominal cavity, using a 5 ml syringe and a 21-gauge needle to avoid 

disruption. The abdomen was gently massaged. A small incision in the peritoneal was 

made to collect the lavage into a 50 ml falcon tube. The samples were conserved on 

ice until taken to the lab. The obtained lavage was maintained on ice until processing.  

An aliquot of the lavage was removed for quantification of the bacterial burden by 

serial dilution and plating on the appropriate agar. The remaining peritoneal lavage 

was spun at 300g for 5 minutes at 4oC. The supernatant was removed and frozen at 

-80°C until required for cytokine analysis.  The pellet was resuspended in PBS and 

the cells counted using an automated cell counter. The remaining cells were 

centrifuged at 300 g for 5 minutes and resuspend in Flow buffer (PBS, 10% FCS) at 

room temperature and processed for flow cytometry analysis. 

 

2.3.6 Spleen 

Spleens, which are located in the upper right quadrant were harvested into individual 

50ml falcon tube containing 30 ml of endotoxin-free sterile PBS and kept on ice until 

it reached the lab, using sterile forceps the organ was transferred to a cell strainer 

fixed on top of a 50 ml falcon tube. The samples were conserved on ice until taken to 

the lab. Using the plunger from a 5 ml syringe the tissue is macerated and the cells 

passed through a 70µm nylon cell strainer (Thermo Fisher Scientific) to generate a 
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2.4.1 Red blood cell lysis 

The red blood cells from the harvest organs such as spleen were lysed using red 

blood cells lysis buffer. The pellet obtained from a single cell suspension was 

resuspended in to 2ml of red blood cells lysis buffer (see appendix 1.8) which 

contains ammonium-chloride-potassium (ACK) which does not cause a lot of harm to 

lymphocytes in the single cell suspension, incubated at room temperature for 2-3 

minutes. After the incubation time 10ml of 1x PBS was added to stop the lysis. The 

cells were pelleted by centrifugation at 400g for 10 minutes, the supernatant was 

removed, and the pellet resuspended in endotoxin-free PBS and the cells counted 

using an automated cell counter (EVE, NanoEnTek). 

 

2.4.1.1 Cell counting 

The cell populations within the single cell suspensions prepared were analysed using 

flow cytometry. To count the cells 10 µl of the cell suspension were mixed with 10 µl 

of trypan blue. Then 10 µl of the mixture was loaded into a countess cell counting 

slide (EVE NanoEntek, USA) and loaded into the cell counter to obtain the number of 

live cells/ml for analysis. The image displayed in the screen is adjusted to better 

differentiate the live cells from the dead cell, live cells show a bright spot in the middle 

which is absent on the dead cells because they uptake the trypan blue staining.  With 

that countess the cells are automatically counted, and the obtained number of live 

cells is calculated taking into account the dilution factor.  The counted cells were 

plated for staining/cultured according to the experiment being carried out. The 

dilutions were considered during the cell count. 

 

2.4.1.2 Single staining controls 

Each experiment included an unstained control to assess auto-fluorescence and the 

compensation single stained controls using either compensation beads or cells. 

Where appropriate, an isotype control antibody of the same immunoglobulin as the 

test antibody, but without specificity to the sample to detect non-specific binding was 

included. All the controls were treated in the same way as the as the samples to be 

analysed. For compensation purposes, single staining controls were made to correct 

any spectral overlap that may occur during the analysis. UltraComp eBeads 

(eBioscience, UK) were prepared by adding one drop of beads to the wells on the 96 
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well plate and mixing it with 1 µl of antibody for each one of the fluorophores used in 

the experiment and 50 µl of flow buffer. The samples were incubated for 10 minutes 

at room temperature in the dark, washed with flow buffer to remove any unbound 

antibody by centrifugation at 300 g for 10 minutes and resuspended in 100 µl of 2% 

paraformaldehyde (PFA) in PBS. 

 

2.4.1.3 Fc receptor blockage 

To avoid non-specific binding, 100 µl of Foetal Calf Serum (FCS) were added to the 

cells in the 96 well plate. The plate was incubated for 10 minutes at room temperature 

to block Fc. At the end of the 10 minutes 100 µl of flow buffer (PBS, 10% FCS) were 

added and the plate spun at 300 g for 10 minutes, the cells were washed with 100 µl 

of flow buffer to remove any residual FCS and stained for surface markers. 

 

2.4.1.4 Extracellular staining 

Cell surface staining for flow cytometric analysis was used to study surface proteins 

at a single cell level on a heterogeneous population of cells within a single staining 

population was performed plating 100µl of cell from the single stained solution on an 

assay plate and spun for 10 min at 400g. The supernatant was removed from the 

wells by quick flicking the plate.  Using a multichannel pipette 200 µl of flow buffer 

was added to each well to wash. The plate was spun as previously, and the 

supernatant removed.  Unstained control wells were resuspended in flow buffer and 

the other samples with the desired panel of antibodies. The plate was incubated in 

the dark for 30 min. While cells are incubating, the single-stained compensation 

controls were made for each antibody using Ultracomp eBeads.  The plate was 

centrifuged for 10 min at 300 x g, the supernatant removed, and the wells washed 

twice with flow buffer.  When biotinylated antibodies were used it was necessary to 

add an extra staining step with streptavidin APC-Cy7. The streptavidin binds to the 

biotin conjugated antibody allowing the detection of the antibody in question. After 

adding the streptavidin, the cells were incubated for 30 minutes, at room temperature 

in the dark. After the incubation the cells were washed with 200 µl of flow buffer to 

wash any unbound antibody by centrifugation at 300 g for 10 minutes, twice. The cells 

were then resuspended in flow buffer containing 2% PFA fixating agent. The fixed 

cells were stored at 4°C until run on the flow cytometer (BD Biosciences, UK). 









71 
 

experiment, a new tube was created for each sample by clicking on the tube and 

named it. On the right screen the histograms were drawn, one for each fluorophore 

used. 

 

2.6.1 Gating strategy for ILC cells 

 

 

Figure 2.1 Representative gating strategy for spleen and peritoneal lavage ILCs 
characterisation. Representative image of gating strategy from cells collected at 6 h 
post infection with live P. aeruginosa. The live cells were gated by forward scatter 
versus side scatter (FSC vs SSC). The CD90+ cells were gated as side scatter (SSC) 
versus CD90+ from the lymphocyte gate and the CD90 positive cells were analysed 
(same gates as contour plot at bottom). 

 








































































































































































































































































































