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Abstract 
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Determining Important Pulmonary Regulators of Immunity to the Bacterium 

Francisella tularensis 

The regulation of pulmonary immune homeostasis is important in maintaining 

immune ignorance to harmless stimuli, to avoid a continuous inflammatory 

environment. Yet, it must also allow for the production of appropriate protective 

immune responses against potentially harmful pathogens. However, some 

pathogens can subvert the immune response to increase survival. An important 

example is Francisella tularensis, a highly infectious Gram-negative intracellular 

bacterium that dampens the immune response early in infection to aid bacterial 

replication. Understanding the function of host pulmonary regulatory pathways 

during F. tularensis infection may allow novel therapeutic targets to be identified.  

This PhD thesis identifies an unexpected pathway that promotes host responses 

during bacterial infection of the lung. Thus, expression of the CD200 receptor 

(CD200R), a molecule previously associated with dampening immune responses in 

the lung, is required to limit infection by the lethal intracellular bacterium  

F. tularensis. Lack of CD200R expression enhanced infectious burden in vitro and  

in vivo. Exacerbated pulmonary F. tularensis burden was determined to be 

neutrophil-dependent, with depletion of neutrophils in vivo during F. tularensis 

infection abrogating the increased bacterial burden in lungs of CD200R-/- mice. 

Mechanistically, it was determined that CD200R-/- neutrophils having a significantly 

decreased ability to produce ROS compared to WT, thus contributing to a reduced 

capability to deal with F. tularensis infection. 

Data in this thesis suggests that the absence of CD200R on neutrophils aids the 

colonisation and proliferation of F. tularensis in the lung via reduction of neutrophil 

ROS production; highlighting the important role this pathway plays in promoting 

immunity to infection. Maintaining the antimicrobial properties of neutrophils via the 

CD200R pathway may represent a novel therapeutic approach for treating 

intracellular pathogens.   
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1.1  Introduction  

The lungs have evolved to maintain their vital function of gaseous exchange, while 

interacting with a myriad of airborne microorganisms. As the mucosal surfaces of 

the airways are essentially in direct contact with the external environment, they 

constantly encounter harmless innocuous antigens and often harmful pathogens. 

The regulation of pulmonary immune homeostasis is therefore extremely important 

in developing immune tolerance or ignorance to harmless stimuli to avoid a 

continuous inflammatory environment, while producing appropriate protective 

immune responses against potentially harmful pathogens. A highly infectious Gram-

negative intracellular bacterium that is characterised by its ability to evade the 

immune system early during respiratory infection is Francisella tularensis (Bosio, 

2011).  

F. tularensis targets and infects multiple cell types that are involved in the early host 

innate response, such as alveolar macrophages and neutrophils (Hall et al., 2008). 

A large area of interest lies in understanding how the early interactions during 

respiratory infection with F. tularensis shape the immune response to the bacterium. 

Therefore, investigating the negative regulatory signals that modulate innate cell 

functions during disease may shed some light on the mechanisms of early immune 

evasion characteristic of F. tularensis infection. One such signal is achieved through 

the binding of CD200 receptor (highly expressed on alveolar macrophages) with its 

ligand CD200, leading to a unidirectional negative signal where only cells 

expressing CD200R are negatively affected (Wissinger et al., 2009). There are 

many other mechanisms in place to both inhibit and elicit an immune response, and 

it is possibly through the modulation of these signals that certain bacteria are able to 

grow and replicate undetected causing harm to the host.  

This PhD thesis researches the role of the negative immune regulator CD200R 

during pulmonary F. tularensis infection. This thesis aims to understand whether 

modulating this regulatory pathway in multiple cell types targeted by  

F. tularensis can influence immune evasion characteristic of this bacterium. 

Different aspects of F. tularensis infection will be introduced below, including cell 

entry and escape, as well the host immune response. Similarly the importance of 

pulmonary negative immune regulators with a focus on CD200R will be discussed. 

Understanding the regulatory pathways involved in such respiratory infections is 

extremely important to be able to identify targets within the pathways and improve 

potential therapeutic treatments.   
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1.2  Francisella tularensis 

1.2.1  Taxonomy, epidemiology, clinical manifestations and treatment 

F. tularensis is the causative agent of the disease tularemia, which was first 

described in 1912 as a plague-like illness (McCoy and Chapin, 1912). F. tularensis 

has a large number of host species that act as reservoirs for the bacterium in the 

environment, ranging from small mammals such as rabbits, voles and squirrels to 

aquatic amoeba (Boyce, 1975, Berdal et al., 1996). Transmission between 

mammalian hosts, as well as transmission of the disease to humans, is commonly 

attributed to arthropod vectors such as ticks, mosquitos and biting flies  

(Morner, 1992, Hubalek et al., 1998).  

There are three subspecies of F. tularensis, but only two are the main cause of 

disease in humans, each with varying virulence, geographical location and disease 

outcome (Conlan and Oyston, 2007). There is also a closely related species called 

Francisella novicida, which many consider to be a subspecies of F. tularensis (Keim 

et al., 2007). However, human infection from F. novicida is very rare and never 

lethal (Cowley and Elkins, 2011). F. tularensis subspecies tularensis (type A) is the 

most virulent and is predominantly found in North America (Farlow et al., 2005).  

F. tularensis subspecies holarctica (type B) is less virulent, but is also able to cause 

disease in humans and is spread more globally in the Northern hemisphere. Varying 

virulence between subspecies can be in part attributed to variation in the 

lipopolysaccharide O-antigen. For example, F. tularensis subspecies tularensis and 

F. novicida share O-antigen biosynthetic gene clusters, while leading to differing 

functions. F. tularensis subspecies tularensis O-antigen is important for intracellular 

survival and replication, while the O-antigen of F. novicida is more important for the 

extracellular viability of the bacterium {Thomas, 2007 #1366}.  

In the USA, the number of reported human tularemia cases has reduced 

dramatically from 2291 in 1939, to an average of 124 annual cases between 1990 

and 2000 (Feldman, 2003). Similarly low numbers of have been reported across 

Europe, with an average incidence rate of 0.04 cases per 100 000 inhabitants 

between 2005-2012. There have however been a number of high case numbers in 

specific countries that could be considered outbreaks: Finland and Sweden in 2000 

(917 and 464 cases, respectively) and 2003 (823 and 798 cases, respectively), by 

Sweden in 2010 (484 cases), Norway in 2011 (178 cases), Spain in 1997 and 2007 
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(585 and 493, cases respectively), and Turkey in 2010 (1531 cases) (Hestvik et al., 

2015). 

Beyond the confirmed infectious cases, seroprevalence remains quite low in the 

general population. Seropositivity for anti-F. tularensis antibodies is estimated to be 

<1% in the USA, with this rising to as high as 17.5% in high-risk groups such as 

Native Americans, landscapers and hunters (Feldman et al., 2003). Cases of 

tularemia have been on the decline in recent decades, however there is evidence of 

increased cases over the past years that may suggest a re-emergence of tularemia 

particularly across Europe (Larssen et al., 2014, D'Alessandro et al., 2015, Dupont 

et al., 2015). Serological investigation of animals has also taken place across 

Europe, with 6.6% seropositivity in hares tested across Hungary between 1992-

2010 (Gyuranecz et al., 2012). Similarly, studies looking at European brown hare, 

red fox and wild boars across Austria, the Czech Republic and Germany suggested 

seroprevalence between 1·4% and 10·8% (Hestvik et al., 2015).  

The type of disease is dependent on the route of transmission. One of the most 

common manifestations, particularly in Europe, is oropharyngeal tularemia that is 

contracted by ingesting contaminated meat or water (Gurcan, 2014). Similarly, 

another common case of the disease is ulceroglandular tularemia and is usually 

contracted by subcutaneous vector-borne transmission (Oyston et al., 2004). These 

forms of tularemia are rarely lethal with a mortality rate of less than 3% and clinical 

manifestations of the disease usually present after an incubation period of 3-6 days 

(but can range from 1-14 days). These include flu-like symptoms such as fever and 

headache, as well as lymphoadenopathy as the bacteria disseminates through the 

lymphatic system and peripheral organs such as liver and spleen (Evans et al., 

1985, Ohara et al., 1991).  

On the other hand, pneumonic tularemia is a much more severe form of the 

disease. Pneumonia can occur through inhalational transmission of as little as  

25 colony forming units (CFU) of F. tularensis (Gurycova, 1998), but also as a 

secondary complication of ulceroglandular and oropharyngeal tularemia (Gill and 

Cunha, 1997). Pneumonic tularemia in humans has strong associations with 

hunters who skin infected small mammals and farmers that handle hay previously 

inhabited by infected rodents (Stewart, 1996). Unlike other forms of tularemia, 

pneumonic tularemia can have a mortality rate of 30-60% if left untreated 

(McLendon et al., 2006). Interestingly, the clinical manifestations of pneumonic 

tularemia are highly variable and are similar to other disorders such as other 
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bacterial pneumonias, tuberculosis or even lung cancer, sometimes leading to 

misdiagnosis (Gill and Cunha, 1997, Fachinger et al., 2015, Odegaard et al., 2017).  

Animal models have helped determine the natural history of aerosolised  

F. tularensis infection that replicates and gives a good understanding of disease in 

humans. Inhalation of the virulent F. tularensis in Fischer 344 rats led to 

dissemination of the bacteria to peripheral organs by 2 p.i. Shortly after, clinical 

manifestations of the disease developed and persisted for 24-36 hours, before 

rapidly decreasing before death at 5-8 days after exposure. A decrease in core body 

temperature and blood pressure preceded death, which was attributed to very high 

bacterial burdens, sepsis and disseminated intravascular coagulation (Hutt et al., 

2017). 

Streptomycin and gentamicin (aminoglycosides) given intramuscularly or 

intravenously are the preferred choices for antibiotic treatment of tularemia when a 

single patient can be treated and contained (Enderlin et al., 1994). A retrospective 

study of 87 patients treated with streptomycin demonstrated a reduction in fever 

within 48 hours in 77% of patients, with only 7% showing signs of relapse. Relapse 

following gentamicin treatment was higher at 33% (Evans et al., 1985). In the case 

of mass infection, perhaps from a large outbreak or bioterrorism scenario, oral 

administration of ciprofloxacin and doxycycline is preferred (Dennis et al., 2001). 

Although these antibiotics have been shown to have a higher rate of treatment 

failure when compared to streptomycin, benefits of faster oral administration and 

shorter courses of treatment outweigh the risks (Evans et al., 1985, Dennis et al., 

2001). Tetracyclines are usually avoided as treatments in children less than 8 years 

old because of the risk of teeth discoloration, and in pregnant women because of 

foetal bone toxicity. Thus it is important to continue the search for therapeutic 

alternatives. Recent experimental data suggests that a combination of 

aminoglycosides and ciprofloxacin may give the most efficient bactericidal activity in 

patients with severe tularemia (Caspar and Maurin, 2017).     

1.2.2  Use as a biological weapon  

Due to the high virulence of F. tularensis, with as few as 25 CFU causing severe 

pneumonic tularemia (Gurycova, 1998), it has long been considered to be a 

potential biological weapon. It was studied as a potential biological agent in 

Japanese germ warfare units between 1932 and 1945 (Harris, 1992). Similarly, it is 

thought to have been stockpiled by the US and Soviet Union militaries, and it has 

been suggested that tularemia outbreaks affecting thousands of Soviet and German 
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soldiers during World War II was from intentional use (Christopher et al., 1997, 

Dennis et al., 2001). Despite the available treatments against tularemia highlighted 

above, it must be considered that these would only be reactive in response to a 

potential biological attack. Similarly, the threat of antimicrobial resistance in  

F. tularensis species highlights the importance of investigating novel therapeutic 

alternatives (Sutera et al., 2014).   

1.2.3  F. tularensis live vaccine strain (LVS) 

Despite its highly infectious nature, there is yet to be a widely effective vaccine 

against F. tularensis, with the most promising attempt being the live vaccinated 

strain (LVS) derived from the holarctica subspecies by passaging it five times 

through mice (Eigelsbach and Downs, 1961). Oral and aerosol administration of  

F. tularensis LVS has been shown to confer protection against the more virulent 

type A F. tularensis subspecies tularensis in a number of organisms such as guinea 

pigs, rabbits and non-human primates (Eigelsbach and Downs, 1961, Tulis et al., 

1970, Stinson et al., 2016). Due to the success of F. tularensis LVS in animal 

models, vaccination studies in humans were undertaken and showed strong 

protection against low doses of respiratory challenge with a virulent type A strain, 

with less protection and modified disease symptoms following infection with higher 

doses (Eigelsbach et al., 1962, Eigelsbach et al., 1967).  

In the early 1960s, the Food and Drug Administration (FDA) licensed F. tularensis 

LVS for use in clinical trials and it was used in the USA to prevent laboratory-

acquired tularemia. Interestingly, it was shown that incidences of pneumonic, but 

not ulceroglandular, tularemia were reduced during the period F. tularensis LVS was 

used to protect laboratory workers (Burke, 1977). Despite its relative success at 

protecting against respiratory tularemia, the FDA has never approved F. tularensis 

LVS as a fully licenced vaccine. This is mainly due to the unknown attenuation 

source of F. tularensis LVS and fears of a potential reversion to virulence (Rohmer 

et al., 2006). Nevertheless, attempts are still being made to improve the safety and 

immunogenicity of F. tularensis LVS in order to fully licence the vaccine (Pasetti et 

al., 2008, Mulligan et al., 2017).  

Despite not being a fully licensed vaccine, as F. tularensis LVS is attenuated in 

humans while maintaining virulence in mice it has been a crucial research model for 

better understanding virulent F. tularensis infection (Elkins et al., 2003). The median 

lethal dose (LD50) in mice for LVS is much lower if infected intranasally compared to 

intradermally (1 x 103 - 104 CFU and 1 x 106 - 107 CFU respectively) (Cowley and 
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Elkins, 2011), reflecting difference seen in humans from pneumonic and 

ulceroglandular tularemia. The Schu S4 strain of F. tularensis subspecies tularensis 

has been extensively used as the prototypic model for virulent type A strains since it 

was isolated (Eigelsbach et al., 1951, Larsson et al., 2005). However, as  

F. tularensis LVS is less virulent than Type A strains such as Schu S4, it is much 

easier to handle safely and can be used at containment level (CL) 2 instead of CL3. 

This not only makes it safer to use, but also less expensive. The use of F. tularensis 

LVS has been instrumental in better understanding the course of infection and the 

host immune response, in the hope of developing successful treatments and 

vaccines for human tularemia (Golovliov et al., 1995, Conlan et al., 2002, Malik et 

al., 2006, Roberts et al., 2014).  

1.2.4   Cell types involved in F. tularensis infection  

The high virulence of F. tularensis and its potential for use as an aerosolised 

biological weapon has led to research to understand the host response to the 

bacterium. The key cell types involved in the early innate immune defence against 

F. tularensis infection are introduced here. The role of cells of the adaptive immune 

system and epithelial cells are also discussed, considering how they may aid in the 

clearance of F. tularensis. An overview of the functional roles of cell types and the 

effect of their depletion on host susceptibility to F. tularensis can be found in Figure 

1.1. As previously discussed, the virulence of F. tularensis is dependent on the 

route of infection and this is also mirrored in the importance of certain cell types 

when confronted with pulmonary or cutaneous infection. As this PhD is focused on 

pneumonic F. tularensis infection, this is the primary route of infection discussed; 

however host response to other routes of infection is also mentioned. 

1.2.4.1  Macrophages  

F. tularensis is able to replicate in vitro in murine macrophages harvested from a 

variety of different tissues, including alveolar, peritoneal and bone marrow-derived 

macrophages (Anthony et al., 1991, Polsinelli et al., 1994). An important aspect of 

susceptibility and resistance to intracellular pathogens is conferred by natural 

resistance-associated macrophage protein (NRAMP), encoded by the Slc11a1 gene 

(Govoni and Gros, 1998). The non-functional Slc11a1 gene in C57Bl/6 mice is 

critical in conveying susceptibility to pulmonary F. tularensis (Powell and Frelinger, 

2017), suggesting that macrophage NRAMP plays a crucial role in host defence 

against F. tularensis. Rapid intracellular replication within macrophages can lead to  
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Figure 1.1 | Cell types involved in F. tularensis infection. F. tularensis has been shown to 
infect a variety of different cell types within the host. Alveolar macrophages are the first 
infected cell type following intranasal infection and represent a large, early replicative niche, 
with uptake mediated by a number of receptors. Depletion of alveolar macrophages has shown 
mixed results in response to intranasal F. tularensis infection but mice primarily show 
increased susceptibility to infection. Alveolar epithelial cells that line the alveolar space are 
also infected early on and are important initiators of the innate response through production of 
neutrophil and monocyte chemoattractant. Dendritic cells appear to be actively 
immunosuppressed during F. tularensis, but remain a relatively large proportion of infected 
cells and contribute to early dissemination and trafficking of the bacteria. F. tularensis is able to 
further dampen inflammatory responses in macrophages by inducing alternative activation, 
skewing macrophages towards an anti-inflammatory phenotype. Similarly, TLR expression is 
reduced on monocytes to reduce Type I IFN responses. Interestingly, depletion of monocytes 
had no effect on susceptibility to intranasal F. tularensis infection. Similarly, despite being the 
main infected cell type at later stages of infection, neutrophil depletion also shows no altered 
susceptibility to intranasal infection. F. tularensis is able to escape the neutrophil phagosome 
and evade killing by inhibiting ROS production. Mast cells play an important role in IL-4 
production and depletion leads to increased susceptibility to intranasal infection. Similarly, 
depletion of NK cells leads to increased susceptibility intranasal due to their crucial production 
of IFNγ. Depletion of the adaptive response, T and B cells, does not increase susceptibility to 
intranasal infection, but can lead to chronic bacterial persistence and increased susceptibility 
to secondary infection.  
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apoptosis in vitro (Lai and Sjostedt, 2003). It has been shown that the primary  

F. tularensis-target cell type in the lungs for 24 hours post-infection with intranasal 

F. tularensis LVS infection are alveolar macrophages (Hall et al., 2008), which is not 

surprising considering alveolar macrophages make up 90% of the leukocytes in the 

alveolar lumen (Snelgrove et al., 2011). 

Interestingly, depletion of alveolar macrophages has given mixed results in respect 

to outcome of F. tularensis infection. One method of depleting alveolar 

macrophages is by administering clodronate intratracheally, resulting in non-specific 

depletion of >90% of all airway antigen presenting cells in mice (Van Rooijen and 

Sanders, 1994, Bosio and Dow, 2005). Following intranasal F. tularensis LVS 

infection, alveolar macrophage-depleted mice survived for significantly longer with 

significantly lower bacterial burden in the lung up to 3 days post infection, as well as 

having significantly fewer bacteria in peripheral organs such as the spleen 

suggesting reduced bacterial dissemination (Bosio and Dow, 2005).   

In contrast, a more recent study using a lower infectious dose of F. tularensis LVS 

suggested that clodronate-mediated alveolar macrophage depletion increases 

susceptibility of mice to pulmonary F. tularensis LVS infection (Steiner et al., 2017). 

Similarly, a more specific depletion of alveolar macrophages using diphtheria toxin 

(DT) treatment of CD11c.DOG mice led to increased lung burden and an increased 

inflammatory response. However, DT treatment significantly altered lung 

homeostasis prior to infection so this may have contributed to changes seen during 

F. tularensis LVS infection (Roberts et al., 2015).  

The pro-inflammatory response elicited by macrophages has been shown to be 

important in protection against F. tularensis infection and will be discussed in more 

detail; however F. tularensis may induce the alternative activation of macrophages 

to diminish the production of pro-inflammatory cytokines and macrophage effector 

mechanisms. Macrophages are induced to produce IL-4 and IL-13 during  

F. tularensis infection, which amplifies the anti-inflammatory phenotype through 

autocrine and paracrine mechanisms (Shirey et al., 2008). The process of 

alternative activation of macrophages from an inflammatory ‘M1’-like phenotype to 

an anti-inflammatory ’M2’-like phenotype and its role during infection with 

intracellular pathogens has been reviewed extensively (Gordon, 2003, Gordon and 

Martinez, 2010).  

The literature presents mixed findings regarding the direct importance of 

macrophages during F. tularensis infection. Interestingly, F. tularensis mutant 
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ΔpyrF, deficient in de novo pyrimidine biosynthesis and unable to replicate in 

macrophages, showed no decrease in virulence in animal models (Horzempa et al., 

2010). This suggests that F. tularensis is able to replicate and survive in other cell 

types while still inducing pathogenesis. Therefore, macrophages by not be directly 

involved in bacterial clearance, however as they may be playing an important role in 

orchestrating the subsequent response to infection. 

1.2.4.2  Monocytes  

Monocytes are important in dealing with F. tularensis infection (Hall et al., 2008), 

with much work in vitro being conducted in human monocytes. Following infection 

with virulent F. tularensis Schu S4, primary monocytes downregulate transcripts of 

TLR2 and an important co-receptor CD14 (Butchar et al., 2008), both important in 

mounting an inflammatory response against F. tularensis (Malik et al., 2006, Chase 

and Bosio, 2010). F. tularensis also downregulates type I IFN signalling in human 

monocytes (Butchar et al., 2008, Cremer et al., 2011). Yet at the same time, human 

monocytes produce IL-23 in response to F. tularensis in order to induce NK cells to 

produce IFNγ (Butchar et al., 2007).  

The chemokine receptor CCR2 is essential in the migration of monocytes from the 

bone marrow to sites of bacterial infection (Serbina and Pamer, 2006).  

Thus, systemic F. tularensis challenge in CCR2-/- mice led to a decreased 

expansion of splenic monocytes and increased bacterial burdens in the spleen 

compared to wild type (WT) mice (Pietras et al., 2011). Similarly, CX3CR1 has been 

shown to be important in monocyte homeostasis (Landsman et al., 2009). 

Interestingly, although CX3CR1-/- mice exhibit increased monocyte recruitment 

during pulmonary F. tularensis, there is no difference in bacterial burdens compared 

to WT mice (Hall et al., 2009). In the same way, depletion of monocytes and 

neutrophils in mice via anti-Gr-1 antibody treatment led to no differences in 

susceptibility to pulmonary F. tularensis infection (Conlan et al., 2002).  

As with macrophages, the direct role of monocytes in bacterial clearance is unclear. 

Although these data are from studies that will have effects on cells other than 

monocytes, they do suggest that monocytes are important in eliciting the 

subsequent inflammatory response towards F. tularensis, but may not be as 

important during pulmonary infection.             
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1.2.4.3  Neutrophils  

Another important cell type recognised as one of the first responders to F. tularensis 

infection is neutrophils. Extensive neutrophil recruitment occurs in the lung at day 3 

post-infection, making up around 50% of total LVS-infected cells (Hall et al., 2008). 

Neutrophils are key innate immune cells that are able to kill invading pathogens by 

ingesting them following capture in neutrophil extracellular traps (NETs) and through 

the production of reactive oxygen species (ROS) (Nguyen et al., 2017, 

Papayannopoulos, 2018). However, unlike other intracellular pathogens,  

F. tularensis is able to escape the neutrophil phagosome and replicate in the 

cytosol. Furthermore, it has been shown that F. tularensis LVS can evade  

ROS-dependent killing by human neutrophils through disruption of NADPH oxidase 

assembly (McCaffrey and Allen, 2006, McCaffrey et al., 2010). Thus neutrophils 

may in fact provide a safe replicative niche for F. tularensis persistence.  

Although it is clear that neutrophils play a role during F. tularensis infection, whether 

they are critical for defence against the infection remains unclear. The effect of 

neutrophil depletion on F. tularensis infectious outcome is dependent on the route of 

infection. Neutrophils appear critical in response to primary systemic infection; 

neutrophil-depleted mice succumb to otherwise sub-lethal F. tularensis LVS doses 

when administered via intravenously or intradermallly (Sjöstedt et al., 1994, Conlan 

et al., 2002). In contrast, the effect of neutrophil depletion during pulmonary 

infection is much less evident, with only a minor increase in bacterial burden in 

peripheral organs observed following neutrophil depletion (Conlan et al., 2002).  

Interestingly, a recent study suggested that timing of the neutrophil depletion was an 

important factor. Depletion of neutrophils at day 3 post-infection, as opposed to at 

the time of infection, rendered mice highly susceptible to pulmonary F. tularensis 

infection (Steiner et al., 2017). This suggests that depleting neutrophils once they 

have become the main replicative niche for the bacteria leads to an exacerbated 

infectious outcome. However, in this study, susceptibility was only determined by 

the percentage survival of mice and not bacterial burden, which could potentially be 

a better indicator of direct infectious outcome. Interestingly, excessive neutrophil 

recruitment may also directly contribute to F. tularensis pathogenesis in the lung. 

Mice deficient in an important producer of neutrophil chemoattractants, 

metalloproteinase 9, exhibited reduced neutrophil recruitment in the lung, as well as 

decreased bacterial burden, pro-inflammatory cytokine production and 
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histopathology (Malik et al., 2007). These studies highlight the fine balance involved 

in neutrophil-mediated protection and the exacerbation of F. tularensis pathology. 

The fact that neutrophils become the most infected cell type during F. tularensis 

infection highlights the role of neutrophils as a replicative niche for the bacteria. 

Furthermore, this is supported by the ability of F. tularensis to target a key 

neutrophil effector function through dampening ROS-dependent killing, as well as 

the mixed infectious outcome following neutrophil depletion. 

1.2.4.4  Dendritic cells    

There is a large shift in the percentage of F. tularensis-infected macrophages and 

neutrophils during the first 3 days of pulmonary infection, yet this is not the case for 

dendritic cells (DCs). The percentage of infected DCs remains consistently at 

around 10% throughout the first 3 days of infection with F. tularensis LVS  

(Hall et al., 2008). Interestingly, it was shown that F. tularensis LVS is able to induce 

early maturation of airway DCs, but not alveolar macrophages, with increased 

expression of MHC-II and CD86 within 24 hours of infection in vivo (Bosio and Dow, 

2005). Yet at the same time, F. tularensis-infected DCs are actively 

immunosuppressed and show decreased production of pro-inflammatory cytokines 

(Bosio et al., 2007, Chase et al., 2009). Furthermore, DCs have been linked with 

trafficking of bacteria to the draining mediastinal lymph node during the early stages 

of F. tularensis infection (Bar-Haim et al., 2008). These data suggest that DCs may 

serve to facilitate early bacterial dissemination by inhibiting the elicitation of an 

inflammatory response and acting as a replicative niche throughout early infection. 

1.2.4.5  Natural killer cells 

Natural killer (NK) cells are important in protection against various microbial 

pathogens (Horowitz et al., 2011); however, studies investigating their role during  

F. tularensis infection has shown mixed results. NK cell depletion using an  

anti-asialo GM1 antibody showed no difference in bacterial burden in the lungs of 

mice infected intradermally with F. tularensis LVS (Bokhari et al., 2008). On the 

other hand, depletion of NK cells before intranasal infection with F. tularensis LVS 

led to a decreased number of IFNγ secreting cells and reduced mouse survival 

(Lopez et al., 2004). Difficulties in fully depleting NK cells without affecting other cell 

types in vivo may contribute to varying results (Nishikado et al., 2011). 
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Regardless of the direct role of NK cell during protection against F. tularensis, it has 

become evident that these cells are one of the primary sources of IFNγ during  

F. tularensis infection. In vitro infection of mouse hepatic mononuclear cells with  

F. tularensis LVS showed that approximately half of the cells that contributed to the 

increase in secretion of IFNγ were NK cells (Wickstrum et al., 2007). Similarly, the 

source of IFNγ produced in mice in response to F. tularensis LVS infection was also 

shown to primarily be NK cells in liver and the lung (Lopez et al., 2004, De Pascalis 

et al., 2008). Furthermore, NK cell depletion led to a 50% reduction in hepatic serum 

IFNγ levels compared to non-depleted mice (Bokhari et al., 2008). Although these 

data highlight the importance of NK cells in their production of IFNγ during  

F. tularensis infection, the minimal effect of depletion on infectious outcome 

suggests that other cell types are able to effectively compensate. 

1.2.4.6  Mast cells 

Mast cells are most prominently known in their role in allergic inflammation, but also 

have varying roles in controlling bacterial infections (Amin, 2012, Johnzon et al., 

2016). Mice deficient in mast cells showed increased susceptibility to pulmonary  

F. tularensis infection compared to WT mice and this was accompanied by reduced 

levels of IL-4 production in the lung of infected mice (Ketavarapu et al., 2008). 

Furthermore, mast cells were able to inhibit intra-macrophage growth of  

F. tularensis in vitro in an IL-4 and TLR2-dependent manner (Ketavarapu et al., 

2008, Rodriguez et al., 2012). Interestingly, FcɛRI-associated vesicles from mast 

cells directly interact with macrophages via trogocytosis and subsequently 

upregulate expression of caspase-1 in macrophages during F. tularensis infection  

in vitro (Rodriguez et al., 2016). These data further illustrate the importance of mast 

cells in helping to orchestrate the immune response against F. tularensis infection.  

1.2.4.7  T cells 

The majority of T cells express the αβ T cell receptor (TCR), with these being 

subdivided into various T cell subsets dependent on the expression of CD4, CD8 

and the production of signature cytokines (Broere et al., 2011). Mice deficient in  

αβ-TCR, thus the majority of T cells, initially control a sublethal intradermal  

F. tularensis infection, but a high bacterial burden is maintained and they eventually 

succumb to the infection. Furthermore, specific deletion of either CD4+ or CD8+  

T cells leads to efficient clearance of the bacteria, suggesting both CD4+ and CD8+ 

T cells are individually sufficient to clear F. tularensis infection (Cowley et al., 2005). 

In fact, expansion of antigen-specific CD8+ T cells occurred between days 5-9 p.i. 
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following intranasal challenge,  with the peak CD8+ T cell response thought to occur 

between days 9 and 14 (Place et al., 2017). Interestingly, mice simultaneously 

depleted of CD4+ and CD8+ T cells, unlike αβ-TCR-deficient mice, survive but 

develop a long-term chronic F. tularensis infection. In this case control of bacterial 

infection is attributed to a specific population of CD4- CD8- T cells (Cowley et al., 

2005). Unfortunately, the role of T cells during pulmonary F. tularensis has been 

studied much less. Thymectomized mice (removal of the thymus and subsequently 

no T cell development) and SCID mice (deficient in functional T and B cells) are no 

more susceptible to intranasal F. tularensis challenge than WT mice, with all 

succumbing equally to infection (Chen et al., 2004b). However, virulent type A  

F. tularensis has been shown to induce depletion of αβ T cells in the lung and lead 

to thymic atrophy (Chen et al., 2005a, Sharma et al., 2011), suggesting that it may 

be able to disrupt T cell-mediated immunity to pulmonary infection.  

1.2.4.8  B cells 

B cells are an important part of the adaptive immune response and can be crucial in 

the defence of pathogens, as well as being manipulated by some pathogens to 

enhance survival (Nothelfer et al., 2015). F. tularensis effectively replicates within  

B cells, via B cell receptor-mediated uptake. Intracellular replication within  

B cells eventually leads to apoptosis of infected cells, as well as causing nuclear 

fragmentation and membrane blebbing of neighbouring uninfected B cells (Krocova 

et al., 2008, Plzakova et al., 2015). These data suggest that F. tularensis may target 

B cells during infection. In fact, F. tularensis infects peritoneal B cells during early 

intraperitoneal infection that subsequently produce a number of inflammatory 

cytokines (Plzakova et al., 2014). This suggests that B cells may play a role in the 

protective response during F. tularensis infection. However, B cell-deficient mice 

were no more susceptible than WT mice following intranasal or intradermal infection 

with F. tularensis, although they showed increased susceptibility to secondary 

intradermal infection (Elkins et al., 1999, Chen et al., 2004b).     

1.2.4.9  Alveolar epithelial cells 

As well as alveolar macrophages, alveolar epithelial cells are a dominant cell type 

within the alveolar space and line the majority of the alveolar surface. Therefore, it is 

interesting to note that F. tularensis interacts with type II alveolar epithelial (ATII) 

cells 2 hours following intranasal infection. Furthermore, primary human ATII cells 

stimulated with F. tularensis in vitro produced high levels of neutrophil and 

monocyte chemoattractants IL-8 and MCP1 respectively (Gentry et al., 2007). This 
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suggests that ATII cells may play a role in aiding the development of the innate 

immune response against F. tularensis. They may also play a direct role in 

protection against the pathogen, as murine epithelial cells have been shown to 

produce iNOS in vivo following intranasal F. tularensis infection and can inhibit 

intracellular growth in vitro via reactive nitrogen intermediates (Maggio et al., 2015). 

1.2.5  Intracellular life cycle 

It is clear that F. tularensis is an opportunistic bacterium that is able to infect and 

replicate within a variety of different cell types. The intracellular life cycle of  

F. tularensis is fairly similar regardless of the cell type infected, from cellular uptake, 

phagosomal escape, cytosolic replication and finally transmission to uninfected cells 

(Figure 1.2). Here, various aspects of the intracellular life cycle are discussed, along 

with how F. tularensis is able to manipulate host cell machinery to increase bacterial 

survival.   

1.2.5.1  Cell entry 

It is known that F. tularensis predominantly infects host mononuclear phagocytes, 

macrophages and neutrophils in particular, using them as a replicative niche (Hall et 

al., 2008). The mode of uptake, along with the intracellular interactions between the 

bacteria and host cell machinery, are important in determining bacterial virulence 

(Clemens and Horwitz, 2007). Entry into macrophages appears to be via a recently 

identified process of looping phagocytosis involving pseudopod loops (Figure 1.2), a 

process that is strongly dependent on complement receptors (CRs). Different CRs 

have been further implicated in the internalisation of F. tularensis LVS into different 

cell types. CR1 and CR2 are involved in uptake of F. tularensis LVS into B cells 

(Plzakova et al., 2015), CR1 and CR3 in the uptake of serum-opsonised  

F. tularensis LVS into neutrophils (Schwartz et al., 2012b), while CR3 and CR4 are 

thought to be the main receptors for the uptake of serum-opsonized LVS to enter 

monocyte-derived macrophages and dendritic cells (DCs) (Clemens et al., 2005). 

Thus, antibody inhibition of CR3 and CR4 significantly inhibited the uptake of  

F. tularensis LVS by monocyte-derived macrophages (MDM) (Clemens et al., 2005).  
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The mannose receptor (CD206) has also been implicated in the uptake of  

F. tularensis, but it appears to be more important in the uptake of non-opsonised  

F. tularensis LVS. Inhibition of the mannose receptor with soluble mannan showed 

significantly decreased phagocytosis of non-opsonised F. tularensis LVS by MDM 

(Schulert and Allen, 2006). Interestingly, no significant difference was seen in the 

uptake of both opsonised and non-opsonised F. tularensis LVS by J774 murine 

macrophage-like cells following mannan treatment (Schulert and Allen, 2006, D'Elia 

et al., 2011a), suggesting that different cells types used in vitro may have differing 

responses to infection with F. tularensis LVS. Opsonisation significantly increased 

bacterial uptake by MDM, with mannan treatment only providing minimal inhibition 

Figure 1.2 | The in vitro intracellular life cycle of F. tularensis. As previously discussed,  
F. tularensis is able to infect multiple cell types. Uptake across a number of cell types is mediated 
by complement receptors (CR) 1-4. Macrophages have been shown to internalise bacteria via 
looping phagocytosis and incorporate them into phagosomes through interactions with a number 
receptors such as scavenger receptor A, Fcγ receptor and the mannose receptor. At this point  
F. tularensis is able to escape the phagosome within 1-4 hours by inhibiting phagosomal 
maturation and lysosomal fusion, as well as disrupting the phagosomal membrane through 
acidification and by using lipid rafts. F. tularensis then undergoes exponential cytoplasmic 
replication, ultimately leading to cell death and release of bacteria which are able to reinfect other 
cells. Interestingly, a novel process of bacterial transmission to uninfected cells independent 
trogocytosis has been described. This involves the direct transfer of cytoplasmic bacteria and 
plasma membrane fragments between live cells, including acquisition of functional major 
histocompatibility complex I. Adapted from (Chong and Celli, 2010). 
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(Schulert and Allen, 2006). Taken together, these results indicate that opsonised 

bacteria are greatly dependent on CR3 and CR4 for uptake, with the mannose 

receptor being dispensable. The opposite can be said for non-opsonised  

F. tularensis LVS with blockade of CR3 having no effect on MDM uptake of  

non-opsonised bacteria (Schulert and Allen, 2006). Other receptors such as 

scavenger receptor A and the Fcγ receptor have also been implicated in various 

uptake mechanisms, each altering the intracellular fate of F. tularensis (Pierini, 

2006, Jones et al., 2014). Interestingly, nucleolin has also been shown to traffic from 

the nucleus to act as a cell surface receptor for uptake of F. tularensis into human 

monocytes (Barel et al., 2010). Deletion or blockade of any one receptor does not 

lead to complete inhibition of F. tularensis internalisation, suggesting that multiple 

pathways may be used depending on the circumstances of infection, adding to the 

adaptability of this bacterium.  

1.2.5.2  Phagosomal escape and cytosolic replication  

The intracellular phase of F. tularensis infection begins with the bacteria residing in 

non-acidified phagosomes, followed by rapid escape into the cytoplasm where 

replication can occur (Santic et al., 2006). The bacterium is able to achieve this 

through prevention of full maturation, acidification and lysosomal fusion of the 

phagosome. This is supported by the findings that dead F. tularensis and latex 

beads, but not live F. tularensis, are located within phagosomes that stain with 

lysosomal markers such as cathepsin D and have a much lower pH of 5.5 

compared to 6.7 for live F. tularensis (Clemens et al., 2004). Interestingly, 

prevention of acidification with weak bases chloroquine and NH4Cl and the Na+/H+ 

pump inhibitor ouabain has been shown to significantly inhibit F. tularensis LVS 

replication in macrophage cytoplasm, suggesting that early maturation and 

acidification may be required for efficient bacterial growth (Fortier et al., 1995). 

Although this finding contradicts the previous study concerning phagosomal 

acidification, blocking acidification would also affect the levels of available 

intracellular iron that dissociates from transferrin at lower pH of 5.5 (Steiner et al., 

2014). The importance of iron for the survival of F. tularensis LVS was shown with 

mutants deficient in the ferrous iron (feo) and ferric-siderophore (fsl) uptake 

systems. These double deletion mutants of F. tularensis LVS were unable to 

replicate in the murine macrophage-like cells J774A.1 and had attenuated virulence 

in mice (Perez and Ramakrishnan, 2014). The impaired replication of F. tularensis 

LVS after blocking acidification could have been indirectly due to the lack of 

available iron in the cell. Yet this then raises the issue that if F. tularensis inhibits 
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phagosome maturation and acidification as suggested in the first study mentioned, it 

must sequester iron once it has escaped the phagosome.   

What can be agreed upon is that after entry into the cell, F. tularensis is able to 

disrupt the phagosomal membrane and escape into the cytoplasm after 1 to 4 hours 

(Golovliov et al., 2003, Chong et al., 2008, Clemens et al., 2009). The exact 

mechanism by which F. tularensis escapes the phagosome is unknown. However it 

has been described that F. tularensis LVS is able to gain entry into macrophages 

via lipid rafts (Tamilselvam and Daefler, 2008), which is also a characteristic of other 

intracellular bacteria such as Listeria monocytogenes. This mechanism suggests 

that F. tularensis may have unidentified cholesterol-targeted proteins, such as 

Listeriolysin O in L. monocytogenes, that can be used to escape the phagosome 

(Kayal and Charbit, 2006, Meibom et al., 2009).  

Regardless, the importance for F. tularensis LVS in finding a replicative niche has 

been demonstrated in vitro. Inhibition of F. tularensis LVS uptake into lung cells with 

LY294002, wortmannin (PI3-kinase inhibitors) and MG132 (inhibitor of proteosome 

activity) produced reduced levels of inflammatory cytokines such as IL-6 and  

α when compared to non-inhibited cells. To support the in vitro findings, wortmannin 

treatment in mice infected intranasally with F. tularensis LVS caused significant 

reductions in secreted levels of IL-6, TNFα and IFNγ in the lung compared to 

untreated infected mice (D'Elia et al., 2011a). 

There is also evidence to show that during cytoplasmic replication F. tularensis can 

modulate the autophagy pathway. During the cytoplasmic replication phase of  

F. tularensis LVS infection, a portion of bacteria appear to become enclosed within 

large autophagy-derived vacuoles that have been termed Francisella-containing 

vacuoles (FCVs) (Checroun et al., 2006). These vacuoles co-localised with the 

autophagy marker LC3 and were significantly reduced when autophagy was 

inhibited using 3-methyladenine (3-MA). Yet, the reduced number of FCV following 

3-MA treatment did not affect the viability and replication of F. tularensis LVS 

(Checroun et al., 2006). These results directly contradict more recent findings that 

3-MA treatment significantly decreases F. tularensis LVS growth in fibroblasts and 

bone marrow-derived macrophages (BMDM) (Steele et al., 2013). However, in the 

later study, double the concentration of 3-MA was used and it was also given at an 

earlier time point, suggesting comparison between the two results must be taken 

with caution.  
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Thus, there is clearly much deliberation over many aspects of the entry and 

intracellular life cycle of F. tularensis and how the bacterium manipulates the host 

cell. Nevertheless, it is clear that F. tularensis is able to selectively modulate 

aspects of host cell machinery to its advantage.    

1.2.5.3  Cell-cell transmission  

A characteristic of F. tularensis infection is rapid replication and infection of 

numerous cell types, particularly during pulmonary infection (Hall et al., 2008, 

Roberts et al., 2014). Once in the cytoplasm, F. tularensis is able to quickly replicate 

up to 1000-fold and induce apoptosis within 12-24 hours (Lai and Sjostedt, 2003).  

In vitro there is no decrease in bacterial burden following apoptosis, suggesting that 

host cell apoptosis is not a protective mechanism and is induced by the increasing 

bacterial number (Lai et al., 2001). However, mice deficient in key components of 

the apoptotic pathway, caspase-1 and ASC, exhibit increased mortality and  

F. tularensis burdens compared to WT mice, suggesting that apoptosis does play a 

role in defence against the pathogen (Mariathasan et al., 2005). Furthermore, it has 

been shown that F. tularensis is able to inhibit apoptosis pathways in human 

neutrophils, prolonging its time within the cytosol to increase bacterial replication 

(Schwartz et al., 2012a). It is evident that F. tularensis can interfere with host 

apoptotic pathways, dictating when cell death and subsequent bacterial spread to 

other cells can occur.  

Dampening the apoptotic response to increased bacterial burdens early during  

F. tularensis infection would be beneficial to the pathogen in order to avoid detection 

by the host (Green et al., 2009). Despite this there is still significant bacterial spread 

to other cell types (Hall et al., 2008), and recently a novel mechanism of cell to cell 

spread has been suggested. Thus, it has been proposed that F. tularensis is able to 

directly transfer from infected cells to uninfected macrophages (Steele et al., 2016) 

via trogocytosis, which involves the transfer of plasma membrane fragments 

between two live cells independent of phagocytosis of apoptotic bodies (Joly and 

Hudrisier, 2003). Trogocytosis was upregulated in infected cells in vitro and 

bacterial transfer between cells was also accompanied by the exchange of 

functional major histocompatibility complex 1 (MHC-I) (Steele et al., 2016). 

Trogocytosis may be a way for rapid bacterial dissemination to other cells early 

during infection with F. tularensis, while increasing chances of immune evasion.       
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1.3  Immune response to F. tularensis 

An important characteristic of F. tularensis is the ability to evade immune detection 

and dampen host immune responses during the early stages of infection. Firstly, 

important host mechanisms of bacterial detection through the complement pathway 

and pattern recognition receptors (PRRs) are introduced. Furthermore, the 

mechanisms of how F. tularensis is able to manipulate these pathways to hinder 

immune signalling are explored. The ability of F. tularensis to evade or avoid 

detection by host protection mechanisms subsequently contribute to the 

suppression, or perhaps more appropriately the postponement, of appropriate 

innate immune responses to infection. Thus, key pro-inflammatory cytokines and 

chemokines involved in defence against F. tularensis infection are outlined, as well 

as regulatory cytokines that may play a role in regulating the excessive 

inflammatory response characteristic of later F. tularensis infection. The effects of 

murine depletion models of key PRRs and cytokines on susceptibly to F. tularensis 

infection are discussed throughout this section (Table 1.1).  

1.3.1  Complement and pattern recognition receptors 

1.3.1.1  Complement and antibody 

Complement has long been considered an important first line of defence against 

microbial pathogens through direct microbial killing, as well as orchestrating 

immunological and inflammatory processes during infection (Ricklin et al., 2010).  

It has been well established that during the initial stages of inhalational infection  

F. tularensis is able to suppress the induction of the immune response. Mechanisms 

by which F. tularensis achieve this are not fully understood, but progress has been 

made to elucidate certain aspects of innate immune response modulation. As was 

mentioned earlier, F. tularensis is able to interact with complement receptors in 

order to promote internalisation by phagocytic cells such as macrophages. It has 

been shown that C3 complement components, such as C3b and more importantly 

iC3b, are deposited on the surface of the bacteria and this is correlated with 

increased phagocytosis by host cells (Ben Nasr and Klimpel, 2008). This 

depositionof C3b is required to form C5 convertases, leading to the recruitment of 

the membrane attack complex (MAC) that forms pores in the bacterial membrane 

and ultimately causes lysis (Sarma and Ward, 2011).   
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Interestingly, the level of MAC deposition on the surface of LVS was significantly 

decreased compared to the levels of C3b. This attenuation of lethal MAC 

recruitment by F. tularensis may be through the recruitment of a major complement 

regulator, glycoprotein factor H, to the bacterial surface (Ben Nasr and Klimpel, 

2008). The generation of iC3b on the bacterial surface through cleavage of C3b by 

factor H leads to the inefficient assembly of the MAC, as well as serving as an 

opsonin through interactions with CR3 and CR4. Both CR3 and CR4 have been 

shown to promote efficient phagocytosis of LVS by macrophages and dendritic cells 

(Ben Nasr et al., 2006, Ben Nasr and Klimpel, 2008). These findings are a prime 

example of how F. tularensis is able to both negatively and positively exploit a 

cellular process to increase its survival. Similarly, F. tularensis has been shown to 

bind to the complement regulatory protein vitronectin that may further protect the 

bacterium from MAC-mediated lysis and promote internalisation (Singh et al., 2010, 

Madar et al., 2015). Furthermore, F. tularensis has been shown to bind surface 

plasminogen that can then be activated into plasmin (Clinton et al., 2010), as 

plasmin can also degrade soluble antibody, it may allow F. tularensis to prevent 

antibody mediated complement activation (Jones et al., 2012).   

1.3.1.2  Toll-like receptors 

An important characteristic of many successful pathogens is their ability to avoid 

engagement by PRRs, such as the membrane-anchored Toll-like receptors (TLRs) 

and cytosolic NOD-like receptors (NLRs). As F. tularensis resides in membrane-

associated phagosomes before escaping into the host cytosol, it has developed 

mechanisms to avoid detection by both types of PRRs or to engage receptors to 

promote a weaker inflammatory response. An example of this mechanism is the 

unique lipopolysaccharide (LPS) expressed by F. tularensis. LPS is a large, 

conserved molecule found on the outer membrane of Gram-negative bacteria and is 

often responsible for a strong TLR4-dependent immune response in the host  

(Trent et al., 2006). The lipid A anchor portion of LPS is the main component 

recognised by TLR4, but F. tularensis lipid A differs by having three acyl chains 

instead of six, longer fatty acid chains and no phosphate groups, giving it poor TLR4 

stimulatory activity (Phillips et al., 2004, Barker et al., 2016). In fact, TLR4-/- mice 

showed no significant difference in levels of IFNγ or IL-12p40 following intradermal 

or intranasal infection with F. tularensis LVS compared to WT mice (Chen et al., 

2004a, Chen et al., 2005b). Survival rates for TLR4-/- mice infected intranasally with 

F. tularensis LVS was no different to that of WT mice (Chen et al., 2004a), while 
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intradermal infection of TLR4-/- mice only led to decreased survival at large doses 

(Chen et al., 2005b).  

On the other hand, TLR2 has been shown to be a critical mediator of the innate 

immune response against F. tularensis. Following intranasal or intradermal infection 

with F. tularensis LVS, TLR2 and Myd88 (a TLR adaptor protein) deficient mice 

were both more susceptible, with impaired cytokine production towards F. tularensis 

and reduced ability to control growth and dissemination (Abplanalp et al., 2009).  

It was also shown that F. tularensis LVS co-localized with phagosomes that were 

positive for TLR2/MyD88 in vitro (Cole et al., 2007). Interestingly, F. tularensis LVS 

mutants unable to escape the phagosome and enter the cytoplasm showed greatly 

increased expression of TLR2-dependent pro-inflammatory cytokines such as TNFα 

(Cole et al., 2008). These findings suggest that although TLR2 is important in 

initiating an immune response against F. tularensis, the bacterium must be able to 

dampen TLR2-mediated responses earlier in infection when in the phagosome.  

The possibility of other important pathways was supported through the finding that 

MyD88-/- mice showed increased susceptibility to lower doses of F. tularensis LVS 

compared to TLR2-/- mice, although both showed equal susceptibility to higher dose 

infection (Abplanalp et al., 2009). These data suggest another role for MyD88 

beyond its clear importance as a TLR2 adaptor protein. However, other  

Myd88-dependent molecules, such as TLR4 and TLR9, have been shown to have 

no critical involvement in responses to F. tularensis (Collazo et al., 2006, Abplanalp 

et al., 2009). Nevertheless, further elucidation of the downstream signalling of 

TLR2/MyD88 has demonstrated that BMDMs infected with F. tularensis LVS induce 

splicing of the transcription factor XBP1 that is required for the production of 

inflammatory cytokines such as TNFα and IL-6 (Martinon et al., 2010). It was further 

shown that splicing of XBP1 was impaired in TLR2-deficient mice, which was 

accompanied with increase bacterial burden in infected organs, a finding 

reproduced in XBP1-deficient mice (Martinon et al., 2010).  

Infection of MDMs with F. tularensis LVS has been shown to induce the increased 

expression of the micro-RNA miR-155 in a TLR2-dependent manner.  

This upregulation ultimately leads to the inhibition of Src homology 2-containing 

inositol phosphatase (SHIP) and MyD88 translation. However, overexpression or 

inhibition of miR-155 had no significant effect on bacterial uptake by MDMs or TNFα 

and IL-6 secretion (Bandyopadhyay et al., 2014). The miR-155-mediated regulation 

of the immune response during infection appears to be part of a complicated 
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feedback loop. Loss of SHIP induces activation of the PI3 kinase/Akt pathway that is 

important for cell survival and activation of pro-inflammatory responses, while loss 

of MyD88 would dampen the inflammatory response through dysregulation of  

TLR signalling (Bandyopadhyay et al., 2014). The complex role micro-RNAs play 

during F. tularensis infection needs to be studied further, but may be a way for  

F. tularensis LVS to both impair host defences while at the same time ensuring 

macrophage survival to enhance bacterial growth and dissemination.       

1.3.1.3  NOD-like receptors 

Once escaped from the phagosome, F. tularensis must then avoid detection by the 

cellular PRRs such as NLRs. It has been shown that macrophages with LVS 

infection in the cytosol eventually undergo apoptosis that is dependent on 

inflammasome assembly and inflammatory cytokine (e.g. IL-1β) release through 

caspase-1 and the adaptor protein ASC signalling. Mice deficient in these two 

proteins were more susceptible to F. tularensis infection, possibly due to the fact 

that both caspase-1 and ASC-deficient macrophages are resistant to F. tularensis-

induced cell death (Mariathasan et al., 2005). Recently this pathway has been 

further elucidated through the identification of an NLR responsible for recognition of 

F. tularensis in the cytoplasm. Absent in melanoma 2 (AIM2) is an NLR that 

promotes inflammasome assembly and caspase-1 activation via interactions with 

ASC (Gavrilin and Wewers, 2011, Man et al., 2016). Activation of the AIM2 

inflammasome specifically by F. tularensis has been shown to be dependent on the 

transcription factor IRF1 and expression of guanylate-binding proteins (GBPs)  

(Man et al., 2015). The F. tularensis gene mviN, encoding for a putative lipid II 

flippase, has been shown to be important in evading activation of the inflammasome 

and contributes to bacterial virulence (Ulland et al., 2010). Intraperitoneal infection 

of mice with an mviN mutant F. tularensis LVS improved survival and decreased 

bacterial burden compared to infection with WT bacteria. This decreased virulence 

was attributed to the increased activation of AIM2-dependent inflammasome 

activation (Ulland et al., 2010). These findings suggest that dampening or avoidance 

of AIM2 signalling by F. tularensis is important for bacterial survival and virulence.   

1.3.2  Inflammatory cytokines  

For the purpose of this thesis, the introduction into the role of specific cytokines in 

contributing to protection against F. tularensis infection is in isolation. However, it is 

important to remember the influence the inflammatory and regulatory cytokines 

discussed below have on the many cell types mentioned earlier. Many cellular 
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functions are driven by the secretion and subsequent response to cytokines {Arango 

Duque, 2014 #1390}{Nemeth, 2016 #1391}, thus the role of cytokines discussed 

here must be considered in the context of the overarching response to infection.   

1.3.2.1  IFNγ and TNFα 

The inflammatory Th1 cytokines IFNγ and TNFα are important in controlling the 

initial infection to many intracellular pathogens, including F. tularensis. However, as 

mentioned previously, a key characteristic of respiratory F. tularensis infection is the 

lack of a pro-inflammatory response during the first days of infection. Detectable 

levels of IFNγ and TNFα mRNA can be found in the skin following intradermal 

infection with F. tularensis LVS by 24 hours post-infection, with significant increases 

by 48 hours (Stenmark et al., 1999). Similarly, protein production of IFNγ and TNFα 

in liver homogenates following intradermal infection of LVS was detected by  

24 hours post-infection, with significant increases by 48 hours post-infection 

(Golovliov et al., 1995). Following intranasal infection of sublethal F. tularensis LVS 

dose (1000 CFU), mice showed significant increase in IFNγ expression by lung 

lymphocytes by 96 hours post-infection, with detectable levels only apparent by 72 

hours post-infection (Lopez et al., 2004). Another study using a similar sublethal 

dose of F. tularensis LVS for intranasal infection showed increases in IFNγ and 

TNFα protein production in lung homogenates as late as 5 days post-infection 

(Malik et al., 2006). Analysis of lung homogenates following a lethal intranasal dose 

(10,000 CFU) showed a large increase of IFNγ production 3 days post-infection 

(Duckett et al., 2005), suggesting a stronger, yet inadequate response to higher 

doses. Nevertheless, these inflammatory anti-microbial cytokines have been shown 

to be essential for the survival of the host during infection by either route. Knockout 

mice deficient in either IFNγ or TNFα, infected with F. tularensis LVS by both the 

intranasal or intradermal route, are extremely susceptible to infection (Elkins et al., 

1996, Chen et al., 2004b).  

Treatment of alveolar macrophages with recombinant IFNγ before infection with  

F. tularensis LVS allowed them to eliminate the bacteria by 48 hours post-infection, 

compared to continued replication over 5 days seen in untreated alveolar 

macrophages (Polsinelli et al., 1994). This could be due to IFNγ promoting 

inflammasome-independent anti-microbial activity of guanylate binding proteins and 

restricting cytosolic replication (Wallet et al., 2017).  Production of TNFα was seen 

in IFNγ-stimulated alveolar macrophages in response to F. tularensis LVS; however, 

anti-TNFα treatment had no effect on the anti-F. tularensis LVS activity of alveolar 
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macrophages (Polsinelli et al., 1994). Although this latter result seems to contradict 

the importance of TNFα, it may also be the case that the pre-stimulation of alveolar 

macrophages with IFNγ, that would not occur naturally, creates an inflammatory 

environment that makes TNFα redundant. 

Mice given recombinant IFNγ intravenously prior to F. tularensis LVS infection 

showed significantly lower bacterial burden and enhanced resistance compared to 

untreated mice (Anthony et al., 1989). In this case F. tularensis LVS was 

administered intravenously which is likely to elicit different types of responses to 

those seen in intradermal and intranasal infections. Nevertheless, as with the other 

two routes of infection, neutralization of TNFα and IFNγ with monoclonal antibodies 

rendered mice susceptible to normally sublethal intravenous doses of F. tularensis 

LVS (Sjostedt et al., 1996). Interestingly, treatment with the same monoclonal 

antibodies in F. tularensis-immune mice that had survived a primary  

F. tularensis LVS infection, had no effect on susceptibility to secondary infection of  

F. tularensis LVS (Sjostedt et al., 1996). This result suggests that primary and 

secondary F. tularensis infections may elicit different defence mechanisms. This 

may explain the redundancy of TNFα after stimulation of alveolar macrophages with 

IFNγ, as during secondary infection macrophages may well have had similar IFNγ 

stimulation. In spite of this, care must be taken when comparing these studies as 

the route of infection plays a pivotal role in the immune response elicited.  

1.3.2.2  IL-12 

The critical involvement of IFNγ in protection against F. tularensis raises the 

question whether regulators of this cytokine also play a role in protection from 

infection. It has been well documented that IL-12 is a key driver of Th1 

differentiation and can induce the production of IFNγ (Trinchieri, 2003), yet the role 

IL-12 plays during F. tularensis infection seems to be more complex. It was initially 

noted that F. tularensis LVS-immune mice were able to control a secondary 

intradermal infection of F. tularensis LVS through high expression of IL-12 in the 

skin suggesting it played a role in protection (Stenmark et al., 1999). As IL-12 is a 

heterodimer made up of two subunits, p35 and p40, it was later found that 

deficiencies in these subunits had differing outcomes on LVS infection. Mice lacking 

the p40 subunit, as well as mice treated with neutralizing anti-IL-12 antibodies, were 

unable to clear intradermal F. tularensis LVS and developed a chronic infection.  

In contrast, p35-/- mice showed a delay in bacterial clearance but were able to do so 

with no impaired survival (Elkins et al., 2002). Interestingly, IL-12p40 can also 
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interact with the IL-23p19 subunit from the heterodimeric IL-23, possibly implicating 

this cytokine in protection against F. tularensis. However, recent work has 

dismissed this by showing that bacterial burdens, survival and cytokine production 

in IL-23p19-/- mice infected intradermally or intranasally with F. tularensis LVS were 

equivalent to WT mice (Kurtz et al., 2014). These findings show that IL-23 does not 

play an important role in immunity to F. tularensis and also suggests a novel 

function in protection from intradermal infection for IL-12p40, independent of the 

known cytokine associations. This is a possibility as IL-12p40 is excessively 

expressed when compared to IL-12 and IL-23 levels, and can also be present as a 

free monomer and homodimer (Trinchieri, 2003). Nevertheless, further investigation 

into the precise function of IL-12p40 with regards to protection against F. tularensis 

LVS is required.  

In contrast to its apparent dispensability during intradermal infection, IL-12 plays a 

pivotal role during resistance to intranasal infection. Mice deficient in both IL-12 p35 

and p40 subunits were susceptible to intranasal infection with F. tularensis LVS 

doses that are sublethal in WT mice (Duckett et al., 2005). To further illustrate the 

protective role of IL-12 in respiratory infection, exogenous IL-12 treatment prior to 

infection with a lethal dose of F. tularensis LVS allowed the mice to survive the 

infection. This survival was not seen in IFNγ-/- mice suggesting that IL-12 protection 

is dependent on IFNγ expression (Duckett et al., 2005). Taking both these findings 

into consideration, it is clear that the route of infection affects the immune response 

to F. tularensis LVS and the role IL-12 plays in this. Nevertheless, it cannot be 

excluded that IL-12p40 alone can play an important role in protection for both 

intradermal and intranasal infection. The IL-12 receptor subunit β2 (IL-12Rβ2) is 

critical for survival against primary F. tularensis LVS challenge by any route.  

IL-12Rβ2-/- mice infected intranasally or intradermally had an LD50 two log lower 

than that seen in WT mice (Melillo et al., 2013). The exquisite susceptibility of mice 

deficient in the IL-12Rβ2 compared to either of the IL-12 subunits suggests that the 

signalling by the IL-12Rβ2 may extend beyond the function of IL-12.  

1.3.2.3  IL-17 

Another cytokine implicated in the protection against F. tularensis is IL-17. 

Consistent with the lack of immune response early in respiratory F. tularensis 

infection, IL-17 can only be found in the lungs of infected mice by day  

3 post-infection. Interestingly, IL-17 was not found in lung or spleen homogenates 

following sublethal intradermal F. tularensis LVS infection (Cowley et al., 2010).  
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IL-17 augments the polarization of the Th1 response through stimulation of IL-12 

production in vitro in F. tularensis-infected DCs and both IL-12 and IFNγ induction in 

macrophages (Lin et al., 2009). IL-17 also appears to have a protective role later in 

infection, but as with many aspects of F. tularensis LVS infection, such an effect 

depends on the route of infection.  

IL-17-deficient mice infected intranasally succumbed to much lower doses of  

F. tularensis LVS than if infected intradermally (1 x 103 compared to 7 x 106 

respectively) (Cowley et al., 2010). When IL-17-/- mice were given a sublethal 

intradermal infection there was no significant difference in bacterial growth in the 

liver or lung, with only a slight increase seen in the spleen compared to WT. In 

contrast, intranasal F. tularensis LVS infection led to increased bacterial burdens in 

IL-17-/- mice in all organs at the peak of infection on day 7 and then further 

significantly increased, particularly the lung by day 10 (Cowley et al., 2010). 

Nevertheless, this significant increase in bacterial growth in IL-17-/- mice was not 

seen during earlier stages of the infection, suggesting that IL-17 may play a more 

prominent role in augmenting growth control later in infection. The induction of the 

IL-17/Th17 pathway was suggested to be induced by IL-23 (Lin et al., 2009); 

however as discussed earlier with the involvement of IL-23, it appears that the Th17 

immune response to F. tularensis LVS is independent of IL-23 and remains 

functional in IL-23 p19-/- mice (Kurtz et al., 2014).   

1.3.2.4  IL-6 

Research has also demonstrated an important role for IL-6 during infection with  

F. tularensis. Following intradermal F. tularensis LVS infection, IL-6 was detected in 

liver homogenates by day 1, peaking by day 3 post-infection. Significantly reduced 

expression of IL-6 following F. tularensis LVS infection was seen in TLR2-deficient 

mice (Martinon et al., 2010), as well as in mice treated with wortmannin to inhibit 

bacterial uptake by lung cells (D'Elia et al., 2011a). Thus, following intranasal or 

intradermal infection, IL-6-/- mice showed significantly decreased survival when 

compared to WT, as well as increased bacterial burdens in the liver, lung and 

spleen (Kurtz et al., 2013).   
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1.3.3  Anti-inflammatory and regulatory cytokines 

1.3.3.1  IL-4  

In contrast to the pro-inflammatory cytokines, the importance of Th2 cytokines has 

been studied in less detail. Through measuring the kinetics of mRNA transcripts 

from pulmonary lymphocytes following intranasal infection of mice with F. tularensis 

LVS, it was shown that there was an early upregulation of Th2 cytokines. Thus, IL-4, 

IL-13 and IL-5 mRNA levels were significantly increased by day 2 post-infection, but 

returned to control levels by day 6 corresponding with the upregulation of IFNγ and 

IL-17. Interestingly, in the same study this increased mRNA expression did not lead 

to detectable protein levels of the Th2 cytokines (Markel et al., 2010). This discord 

between mRNA and protein could be due to the overbearing expression of Th1 

cytokines that ultimately drive away from Th2 responses.  

The role IL-4 plays in inhibiting differentiation towards a Th1 response would 

suggest that this cytokine has a negative effect on the protection against  

F. tularensis LVS that is reliant on a strong Th1 inflammatory response. Mice 

treated with an anti-IL-4 monoclonal antibody before being given an intradermal  

F. tularensis LVS infection showed a minimal decreased susceptibility and 

increased survival compared to WT mice. However, these results were not 

significant (Leiby et al., 1992). This was supported by showing that F. tularensis 

LVS is able to induce alternate activation of macrophages to increase survival in an 

IL-4 dependent manner (Shirey et al., 2008). F. tularensis LVS failed to alternatively 

activate IL-4 receptor α-deficient mouse (IL-4Rα-/-) macrophages and IL-4Rα-/- mice 

exhibited increased survival compared to WT mice following intraperitoneal  

F. tularensis LVS infection (Shirey et al., 2008). In contrast, IL-4-/- mice given an 

intranasal challenge exhibited significantly increased susceptibility compared with 

WT mice. Bacterial burdens in the lung and spleen were also significantly higher in 

IL-4-/- mice by day 3 after F. tularensis LVS infection, although burdens were not 

significantly different at day 6 post-infection (Ketavarapu et al., 2008). One 

proposed positive function for IL-4 in early protection against F. tularensis is in 

partnership with mast cells. Mast cells isolated from IL-4-/- mice were unable to 

inhibit bacterial replication when co-cultured with IL-4-/- macrophages (Ketavarapu et 

al., 2008). Taken together, more research is needed on the protective role of IL-4 

against F. tularensis LVS infection, which may be dependent on the route and stage 

of infection. 
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1.3.3.2  IL-10 

IL-10 is a cytokine with anti-inflammatory properties and is an important regulator of 

pro-inflammatory responses during infection (Kuhn et al., 1993, Hawrylowicz and 

O'Garra, 2005). The lack of an early immune response following intranasal  

F. tularensis infection suggests a role for regulatory cytokines that function to 

suppress inflammatory responses. IL-10 has been shown to play an interesting role 

in protection against F. tularensis, and not surprisingly its function is dependent on 

route of infection.  

Mice deficient in IL-10 survived a lethal dose of intradermal F. tularensis LVS that 

killed WT mice within 9 days of infection. This protection from death was 

accompanied by decreased bacterial burdens in the spleen and effective bacterial 

clearance (Metzger et al., 2013). Levels of IL-10 mRNA in the spleen rapidly 

increased by day 1 post infection when infected intradermally, with protein levels 

showing a similar increase by day 3 (Metzger et al., 2013). Although not significant, 

IL-10 protein levels have also been shown to increase in the lungs following 

intranasal infection (Periasamy et al., 2011). Therefore, it is interesting that IL-10 

KO mice were significantly more susceptible to intranasal F. tularensis LVS infection 

when compared to WT mice (Metzger et al., 2013). Similarly, others found 

significantly increased weight loss and increased systemic bacterial burdens by day 

7 in IL-10-/- mice following intranasal F. tularensis LVS infection (Vautier et al., 

unpublished observations, University of Manchester). These opposing findings of 

route dependent negative and positive influence of IL-10 during protection against 

F. tularensis suggest complex modulation of regulatory systems during the various 

routes of infection.  

As shown in other experimental models, IL-10 is able to suppress IL-17 expression 

(McKinstry et al., 2009). Thus, this mechanism may be a link between the differing 

roles during the two routes of infection. Levels of IL-17 were significantly increased 

in the spleen of IL-10 deficient mice compared to WT mice when infected 

intradermally with F. tularensis LVS. Such increased IL-17 expression is essential 

for the resistant phenotype seen in IL-10-/- mice, as neutralization of IL-17 caused 

the mice to succumb to F. tularensis LVS infection they had previously survived 

(Metzger et al., 2013). As discussed earlier, given that IL-17 levels are significantly 

increased in the lungs during respiratory F. tularensis LVS infections (Cowley et al., 

2010), it would be interesting to see if IL-17 expression is increased in the lungs of 

IL-10-/- mice that are more susceptible following intranasal infection. If IL-17 were to 
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be increased in a similar manner, it may suggest that the overexpression of IL-17 

could exacerbate pulmonary inflammation and IL-10 plays an important role in 

modulating the inflammatory response. However, further studies need to be 

undertaken to further investigate this possibility.  

1.3.3.3  TGF-β 

The difference in response to F. tularensis LVS administered via the respiratory 

route compared to the intradermal route suggests that regulation of immune cells in 

the lungs must play a pivotal role in protection. One important regulatory cytokine 

involved in maintaining lung homeostasis is TGF-β. Bronchial and alveolar epithelial 

cells express the integrin αvβ6 which binds and activates latent TGF-β (Munger et 

al., 1999). The interaction between alveolar macrophages and alveolar epithelial 

cells through TGF-β activation by αvβ6 appears to be important. Mice lacking the β6 

subunit develop age-related emphysema through increased expression of MMP12 

by macrophages, a phenotype rescued by the transgenic expression of TGF-β 

(Morris et al., 2003). As mentioned earlier, alveolar macrophages make up 90% of 

the leukocytes in the lung and are one of the primary cellular targets of respiratory 

F. tularensis. Thus, the action of TGF-β on alveolar macrophages during  

F. tularensis infection may also play a role in protection.  

BMDMs and DCs infected in vitro with F. tularensis LVS showed increased 

expression of TGF-β, but this was only significant with macrophage infection. The 

same study showed similar results in vivo, with mice infected via the respiratory 

route with F. tularensis LVS having significantly elevated secretion of TGF-β from 

cells harvested in bronchoalveolar lavage (BAL) fluid of infected mice (Bosio and 

Dow, 2005). Although this study used an intratracheal route of infection, similar 

findings of significant upregulation of TGF-β by 24 hours p.i. have also been found 

in mice infected intranasally with F. tularensis LVS (Periasamy et al., 2011). 

However, no significant differences were seen in bacterial burdens of isotype and 

TGF-β antibody treated mice infected intranasally with F. tularensis LVS (Vautier et 

al., unpublished observations). The results from the studies using anti-TGF-β 

antibody suggest that TGF-β is not important for protection against F. tularensis 

infection. However, the increased expression of TGF-β seen after infection with  

F. tularensis, as well as its role in regulation of alveolar macrophages indicate that 

further research is needed to fully disregard TGF-β as player in protection against  

F. tularensis. 
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1.3.4  Other soluble immune mediators 

Aside from the important regulatory signalling of cytokines, other secreted 

molecules have also been investigated to understand their role in protection against 

F. tularensis. The lipid mediator prostaglandin E2 (PGE2) has been shown to play 

some role in promoting a Th2-like response and inhibiting T cell proliferation 

(Woolard et al., 2007). PGE2 expression increases slightly in the lungs of mice 

infected intradermally or intranasally with F. tularensis LVS by day 7. However, mice 

infected intranasally showed significantly increased expression of PGE2 after a 

return to control levels in mice infected intradermally (Woolard et al., 2008). 

Increased PGE2 production was shown to be important in dampening expression of 

IFNγ in mice following intranasal infection with F. tularensis LVS, as 

pharmacological inhibition of PGE2 with indomethacin led to increased IFNγ levels 

and decreased bacterial burden in the lung (Woolard et al., 2008).  

The importance of IFNγ for protection against F. tularensis also influenced the 

direction of research into the role of chemokines during infection. Monokine induced 

by IFNγ (Mig) is a chemokine induced by IFNγ that contributes to T cell infiltration 

into peripheral tissues during inflammation. However, apart from impairment in  

F. tularensis-specific antibody production in mig-/- mice infected with F. tularensis 

LVS, there was no effect on bacterial clearance compared to WT mice (Park et al., 

2002). Similarly, CX3CR1-deficient mice also show no difference in susceptibility to 

intranasal infection, although they did have increased monocyte and neutrophil 

recruitment to the lungs following infection (Hall et al., 2009). This was surprising as 

CX3CR1 is known to facilitate binding of CX3CL1-expressing cells to endothelial 

cells during infiltration into infected tissue (Hall et al., 2009). From the current data it 

appears that the overall role for chemokines in protection against F. tularensis LVS 

is redundant (Cowley and Elkins, 2011). Most chemokines studied appear to play 

important roles in cellular recruitment during the inflammatory response against  

F. tularensis LVS, therefore further investigating the effects of multiple chemokine 

receptor and ligand deficiencies may provide better understanding of their roles.     

1.4  F. tularensis subspecies tularensis - Schu S4 

This PhD has used F. tularensis LVS, a strain which is attenuated in humans while 

maintaining virulence in mice, as the model of bacterial pulmonary infection. 

However, like many other models there are similarities and differences within the 

representative subspecies. Earlier the difficulties in working with F. tularensis 
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subspecies tularensis Type A strain Schu S4 were briefly touched upon. As Schu 

S4 is a CL3 pathogen, this increases the cost, time and safety precautions of 

working with the bacterium. For this reason, the use of Schu S4 has often been as a 

follow on study from findings in experiments with LVS. Here some of the differences 

and similarities regarding the life cycle and host response to Schu S4 compared to 

LVS will be briefly mentioned.    

With regards to cell entry and intracellular replication, Schu S4 shows large 

similarities to LVS. The importance of CRs remains prominent in cell entry. It was 

shown that CR3 is important for the uptake of serum-opsonized Schu S4 in 

macrophages (Geier and Celli, 2011), with CR3 and CR1 needed for uptake into 

neutrophils (Schwartz et al., 2012b). Similarly, the mannose receptor plays a more 

prominent role in the internalisation of non-opsonized Schu S4 (Geier and Celli, 

2011). Once internalised, prevention of acidification through the ATPase inhibitor 

bafilomycin has been shown to significantly delay phagosomal escape, suggesting 

that early maturation and acidification may be required for efficient escape of Schu 

S4 from the phagosome (Chong et al., 2008). Interestingly, unlike LVS, Schu S4 

has been shown to actively avoid autophagy early after escape into the cytoplasm 

through protection by the Francisella O-antigen present in the bacterial LPS and 

capsule (Case et al., 2014). However, Schu S4 is still able to re-enter FCVs later 

during the cytoplasmic replication phase (Checroun et al., 2006); suggesting that 

the more virulent strain may avoid early autophagy detection when autophagy may 

play a role in eliminating cytoplasmic bacteria. 

The host immune response elicited against Schu S4 has a more prominent pattern 

with a dampened early response, followed by hypercytokinemia that is often the 

cause of sepsis and death (Cowley, 2009). Infection with Schu S4 has a much 

shorter time frame compared to LVS, with mice often succumbing to the infection by 

day 5. Therefore, although the significant increase of inflammatory cytokines such 

as IFNγ, TNFα and IL-6 by day 3 post-infection with Schu S4 is similar to that of 

LVS, the shorter time frame of Schu S4 infection means the resolution of 

inflammation cannot occur (Sharma et al., 2011). Unlike LVS, Schu S4 does not 

induce an alternate activated macrophage phenotype earlier in infection (D'Elia et 

al., 2015). The more prominent classically activated macrophages that express high 

levels of iNOS may indeed contribute to excessive inflammation, tissue damage and 

death seen in Schu S4 infection. As would be expected, certain cytokines have 

differences in importance during the response to Schu S4. In contrast to LVS, IL-6-/- 



55 

 

mice infected intranasally with Schu S4 showed no difference in bacterial burdens 

or survival rate compared to WT mice (Laws et al., 2013).  

In the same way, IL-10-/- mice infected with Schu S4 showed no difference in 

survival kinetics compared to WT mice (Metzger et al., 2013). A study proposed a 

protective role for TGF-β during Schu S4 infection. They showed that mice treated 

with anti-TGF-β mAb prior to infection with Schu S4 significantly reduced bacterial 

burdens in the lung compared to untreated mice (Bosio et al., 2007). However, no 

difference was seen compared to isotype treated controls suggesting their 

conclusion must be considered with care. Taken together, these results indicate that 

there may be redundancy with the inflammatory response against Schu S4, with 

other cytokines able to influence the outcome of infection when IL-6 is not present. 

Similarly, the lack of difference in IL-10 and possibly TGF-β deficient mice suggests 

that the modulation of the immune response by these regulatory cytokines is not 

enough to impact protection against the more virulent Schu S4. Another possibility 

is that due to the shorter course of Schu S4 infection, these cytokines just do not 

have enough time to have an effect and influence the disease outcome. 

Furthermore, high-mobility group protein B1 (HMGB1) has been shown to be a late 

mediator of sepsis and pro-inflammatory responses to infection (Wang et al., 1999). 

It has been shown to be significantly upregulated during Schu S4 infection and may 

contribute to the subsequent cytokine storm seen during infection. This highlights 

potent mediators of inflammation during virulent F. tularensis infection that may be 

therapeutically targeted to reduce harmful cytokine response (D'Elia et al., 2013a).  

 
1.5  Lung immune homeostasis 

As has been extensively discussed, it is evident that F. tularensis is able to subvert 

the host immune response and convey high virulence via pulmonary infection.  

It is therefore important to understand how the lung maintains immune homeostasis 

at steady state and the changes that occur when an inflammatory response is 

mounted against pathogens.  

1.5.1  Pulmonary airway 

Immunity within the pulmonary airways relies on a network of interactions.  

Firstly, the physical barrier against airway infections consists of pulmonary 

epithelium cells, mucus-secreting goblet cells, ciliated cells and club (Clara) cells 

that secrete surfactant (Lloyd and Marsland, 2017). Similarly, mucus produced by 
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goblet cells is crucial in lining the pulmonary epithelium in order to trap pathogens 

and airway particulates, they are then removed by ciliary action and coughing 

(Wanner et al., 1996). Defects in mucus production and impaired mucus clearance 

can have severe consequences in disease such as cystic fibrosis and chronic 

obstructive pulmonary disease (Randell and Boucher, 2006). Interestingly, in 

addition to this protective barrier function, many of these airway constituents are 

pivotal in the regulation of immune responses in the lung.    

1.5.1.1  Airway epithelial cells    

Pulmonary epithelial cells line the airway and are in intimate contact with cells of the 

immune system, as well as inhaled innocuous antigens and pathogens. To this end, 

they express TLRs that are able to recognise pathogen-associated molecular 

patterns from a variety of pathogens (Lambrecht and Hammad, 2012). Similarly, 

they are able to provide negative regulatory signals to alveolar macrophages 

through the secretion of regulatory cytokines such as IL-10 and TGF-β (Munger et 

al., 1999, Lim et al., 2004), as well as through expression of CD200 inducing 

negative regulation via interactions with CD200R (Jiang-Shieh et al., 2010). This 

prevention of alveolar macrophage activity restricts their inflammatory function while 

still clearing particulates and cellular debris from the airways to maintain 

homeostasis. Airway epithelial cells have also been shown to directly contribute to 

the clearance of apoptotic cells and debris via the secretion of anti-inflammatory 

cytokines (Juncadella et al., 2013).  

1.5.1.2  Dendritic cells 

Airway mucosal dendritic cells are also closely linked with the airway epithelium and 

play a specialised role in immune surveillance. They are positioned below or within 

the epithelium, extending protrusions through intact epithelia into the airway lumen 

for antigen acquisition (Jahnsen et al., 2006). However, these DCs lack the capacity 

for efficient antigen presentation at rest and have been shown to stimulate an anti-

inflammatory Th2 response until an inflammatory stimulus is present, suggesting 

that they promote airway tolerance (Stumbles et al., 1998). Similarly, plasmacytoid 

DCs (pDCs) have been shown to take up inhaled antigen in the lung and present it 

in a tolerogenic form to draining node T cells, with pDC depletion in mice leading to 

increased hypersensitivity to inert inhaled antigen (de Heer et al., 2004). 
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1.5.1.3  Neutrophils    

Neutrophils are important cell types in the innate immune response and are the first 

cells to be recruited to the lung during infection (Burns et al., 2003, Craig et al., 

2009). Interestingly, at steady-state the lung has a relatively large number of 

neutrophils compared to other organs. They are kept in the lung through CXCR4 

signalling, driven by expression of its ligand CXCL12 by pulmonary epithelium cells 

(Devi et al., 2013). Positioning of neutrophils in close proximity to the airways and 

interstitium would allow for rapid infiltration during inflammation (Kreisel et al., 

2010). Upon infection the host is able to increase the number of circulating 

neutrophils in the blood from the bone marrow, allowing them to then migrate out of 

the capillaries surrounding the site of infection (Marsh et al., 1967, Smith, 2000). 

Some important murine chemokines involved in neutrophil lung recruitment are KC, 

MIP-2, CXCL5 and lungkine (Baggiolini et al., 1994, Chen et al., 2001).  

Once at the site of infection neutrophils are equipped with a number of mechanisms 

to kill invading pathogens. Neutrophils are efficient phagocytes that are able to 

engulf, and subsequently kill, invading pathogens by a number of mechanisms. 

Following phagocytosis, neutrophil granules are able to fuse with the phagosome, 

releasing a number of microbicidal factors such as myeloperoxidase (MPO) and 

neutrophil elastase (NE) (Kjeldsen et al., 1994, Kolaczkowska and Kubes, 2013, 

van Kessel et al., 2014). Furthermore, MPO from neutrophil granules is able to drive 

another anti-microbial function of neutrophils, the production of ROS through 

NAPDH oxidase activity (Eiserich et al., 1998, Nguyen et al., 2017). The importance 

of ROS in controlling invading pathogens is evident. Patients with chronic 

granulomatous disease (CGD), resulting from a defect in NADPH oxidase activity, 

suffer from recurrent, severe bacterial and fungal infections (Holmes et al., 1967, 

Segal et al., 2000). Finally, neutrophil extracellular trap (NET) formation is a 

mechanism by which neutrophils are able to capture and kill extracellular bacteria, 

while also preventing further microbial dissemination (Brinkmann et al., 2004, 

Branzk et al., 2014). As with ROS production being heavily dependent on MPO, 

NET formation is dependent on ROS production and the translocation of NE to the 

nucleus (Papayannopoulos et al., 2010).  

1.5.1.4  Alveolar macrophages    

Unlike traditional macrophages that develop from circulating bone-marrow 

monocytes, alveolar macrophages have been shown to develop into tissue resident 

cells from fetal monocytes during early stages of life (Guilliams et al., 2013). 
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Alveolar macrophages make up over 90% of leukocytes in the alveolar lumen and 

are crucial in maintaining airway homeostasis (Maus et al., 2006). Due to constant 

interaction with innocuous antigens in the airway, alveolar macrophage activation is 

tightly controlled through a number of cell-cell and soluble mediator interactions to 

limit unwanted inflammatory responses. Subsequently, alveolar macrophage 

depletion in mice increased susceptibility to T cell mediated inflammatory responses 

against normally innocuous inhaled antigen (Thepen et al., 1989). The robust 

regulation of alveolar macrophages is mostly through the expression of multiple 

negative regulatory receptors that interact with ligands and soluble mediators in the 

airspace, predominantly derived from epithelial cells (Hussell and Bell, 2014).  

1.5.2  Negative immune regulators and F. tularensis infection 

This thesis focused primarily on the negative immune regulator CD200 receptor 

(CD200R), which will be discussed in greater detail later, but some other negative 

regulatory receptors that dictate repression of alveolar macrophage activation will 

be discussed. Furthermore, the role these negative regulators may play during  

F. tularensis infection, either through direct research or interpretation from similar 

pathogens will also be explored (Figure 1.3). 

1.5.2.1  SIRPα & pulmonary surfactant-associated proteins   

An important mechanism by which alveolar macrophage can be modulated is by 

pulmonary surfactant proteins and signal inhibitory regulatory protein α (SIRPα). 

Surfactant proteins A and D (SP-A and SP-D) are able to bind SIRPα and initiate a 

signalling pathway to block the production of pro-inflammatory mediators (Gardai et 

al., 2003). This interaction has also been shown to dampen the phagocytic activity 

of alveolar macrophages towards apoptotic cells, with this inhibition achieved 

through SIRPα signalling to activate SHP-1 and RhoA (Janssen et al., 2008). 

However, another study showed enhanced phagocytosis of M. tuberculosis by 

human alveolar macrophages incubated with soluble SP-A, allowing the bacterium 

to enter its replicative niche (Gaynor et al., 1995). These opposing findings of 

inhibition and activation of phagocytosis may indicate how a bacterium can 

manipulate the host response. Similarly, it is not known whether the enhanced 

phagocytosis of M. tuberculosis is mediated through interaction with SIRPα, and 

was completely inhibited by blocking the mannose receptor before treatment with 

SP-A. F. tularensis has also been shown to infect type II alveolar epithelial cells as 

well as alveolar macrophages (Bradburne et al., 2013), infection with the bacteria 

may be able to upregulate secretion of SP-A from these epithelial cells.  
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Figure 1.3 | Negative immune regulators potentially important during F. tularensis infection. 
During normal pulmonary homeostasis alveolar macrophage activity against innocuous antigens is 
inhibited by negative immune regulators. F. tularensis may modulate some of these negative 
immune regulators in order to dampen the host immune response during infection. A) Binding of 
CD200 to CD200R leads to the inhibition of pro-inflammatory MAPK, ERK and JNK pathways. Both 
CD200R and CD200 may be upregulated on alveolar macrophages during F. tularensis infection. It 
may also be possible that F. tularensis can induce the release of exosomes containing CD200 from 
macrophages. B) As CD200 is usually expressed on type II alveolar epithelial cells, the CD200 in 
exosomes and upregulation on macrophages may lead to the inhibition of neighbouring alveolar 
macrophages. C) Inhibition of MAPK, ERK and NF-κB pathways by TAM (Tyro3, Axl and Mertk) 
receptors may be through binding Gas6 and Protein S ligands that can bind to phosphatidylserine 
expressed by F. tularensis-induced apoptotic cells. Similarly, phosphatidylserine may be expressed 
on the bacterial membrane to induce binding to TAM receptors. D) Beyond its role in phagocytosis 
of unopsonised F. tularensis, binding the mannose receptor may also inhibit secretion of pro-
inflammatory cytokines. E) Although binding of SP-A and SP-D to SIRPα inhibits the phagocytic 
activity of macrophages against apoptotic cells, it may increase the phagocytosis of  
F. tularensis to allow it to enter its replicative niche. F) TREM2 signalling can inhibit secretion of 
inflammatory cytokines and may be upregulated during F. tularensis infection. As the ligands for 
TREM2 are not fully characterised, F. tularensis may directly bind TREM2 in order to dampen the 
host immune response. Adapted from Hussell & Bell (2014). 
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1.5.2.2  TAM Receptors 

The three TAM receptors, Tyro3, Axl and Mertk, are a receptor protein tyrosine 

kinase subfamily that play an important role in controlling innate immunity and 

regulating homeostatic phagocytosis through the clearance of apoptotic cells and 

membranes (Lemke and Rothlin, 2008). Binding of TAM receptor ligands Gas6 or 

protein S to phosphatidylserine on apoptotic cells has been shown to inhibit  

TLR-dependent signal transduction leading to inhibition of MAPK, ERK and NF-κB 

pathways (Lemke and Rothlin, 2008). Increased expression of phosphatidylserine 

on macrophages was noted following F. tularensis infection (Ireland et al., 

unpublished observations, Dstl), suggesting this may influence interactions with 

TAM signalling. Much of this suppression is mediated by activation of suppressor of 

cytokine signalling (SOCS) proteins SOCS1 and SOCS3 that are transcribed after 

STAT1 signalling (Rothlin et al., 2007). The importance of TAM receptors for 

apoptotic cell clearance has been shown in macrophages from mertk-/- mice that 

have severely impaired clearance of apoptotic thymocytes (Scott et al., 2001). 

Additionally, a disorder characterised by retinal dystrophy has been shown to be 

due to a mutation in Mertk leading to disrupted clearance of apoptotic cells in the 

retina (Duncan et al., 2003, Tschernutter et al., 2006). Interestingly, Mertk appears 

to be dispensable for the uptake and clearance of bacteria. The F. tularensis LVS 

burden in mertk-/- macrophages 6 and 24 hours after infection was similar to those in 

WT macrophages (Williams et al., 2009). Although an extracellular bacteria, no 

difference in phagocytosis or killing of E. coli was seen in macrophages lacking 

TAM receptors (Williams et al., 2009). These data suggest that Mertk is dispensable 

in the phagocytosis and killing of bacteria. 

On the other hand, Axl protein levels in the lung were increased following influenza 

virus infection, particularly in BMDMs. Influenza-infected mice treated with anti-Axl 

mAb showed significantly increased survival and decreased lung pathology 

compared to untreated mice (Shibata et al., 2014). Investigating the immune 

response and lung pathology of Axl-deficient mice infected with F. tularensis would 

be interesting as the work previously mentioned was conducted in vitro (Williams et 

al., 2009). An important aspect of TAM receptor signalling that has been shown to 

be manipulated by certain intracellular pathogens is the exposure of 

phosphatidylserine. L. amazonensis has been shown to inhibit macrophage 

activation through the exposure of phosphatidylserine on their surface that also aids 

in the uptake of the parasite into macrophages. This interaction also induced the 

secretion of TGF-β and IL-10 (de Freitas Balanco et al., 2001). This may also be a 
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possible inhibitory mechanism employed by F. tularensis to inhibit macrophage 

activity.        

1.5.2.3  TREM Family 

The triggering receptor expressed on myeloid cells (TREM) family is a set of 

immunoregulatory receptors found on macrophages that consist of activating and 

inhibitory receptors. TREM1 is selectively expressed on neutrophils and alveolar 

macrophages, functioning to promote a pro-inflammatory response through the 

secretion of cytokines such as TNFα (Bouchon et al., 2000). On the other hand, 

TREM2 functions to regulate the development of DCs and other myeloid cells, as 

well inhibiting TLR-mediated macrophage inflammation (Colonna, 2003). TREM2 

expression is significantly reduced on murine alveolar macrophages following LPS 

treatment, along with increased expression of inflammatory mediators. Silencing of 

TREM2 with shRNA led to the increased expression of TLR4 on alveolar 

macrophages and increased production of TNFα following LPS treatment (Gao et 

al., 2013). Following infection with respiratory pathogen S. pneumoniae, TREM2 

expression was increased on alveolar macrophages. Trem2-/- mice showed 

increased bacterial clearance in the lungs and improved survival compared to WT 

mice (Sharif et al., 2014). This suggests that respiratory pathogens may be able to 

modulate the expression of TREM2 in order to inhibit inflammatory responses and 

increase survival.  

1.5.2.4  Mannose Receptor 

The mannose receptor is expressed by, among other cells, alveolar macrophages. It 

has been shown to be essential for the suppression of alveolar macrophages 

through the recognition of non-opsonised bacteria. Pre-treatment of alveolar 

macrophages with a mannose receptor-blocking agent as well as a targeted siRNA 

resulted in the increased expression of TNFα in response to non-opsonised 

Pneumocystis, a yeast-like fungus found in the lung, compared to untreated 

macrophages (Zhang et al., 2005). This suggests that the mannose receptor may 

function to prevent alveolar macrophages from initiating inappropriate inflammatory 

responses against commensal pathogens in the airways. As stated earlier, the 

mannose receptor has been shown to play an important role in the uptake of  

non-opsonised LVS and Schu S4 (Schulert and Allen, 2006, Geier and Celli, 2011). 

Perhaps the interaction of F. tularensis with the mannose receptor not only aids 

uptake, but may also be a method of dampening the immune response elicited 

towards the bacterium. 
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1.6  CD200:CD200 Receptor 

The CD200:CD200R pathway is the primary regulatory pathway studied in this PhD 

thesis; therefore the role it plays in negatively regulating immune functions will be 

discussed in detail. The focus of this PhD thesis is to understand whether the 

characteristic delayed immune response seen during F. tularensis infection is due to 

manipulation of immunoregulatory pathways, in particular CD200:CD200R.  

Thus, various pathogens will be introduced that have been shown to disrupt the 

pathway in order to increase survival in the host. Furthermore, the effects of CD200 

or CD200R deficiency on infectious outcome will be introduced, as well as 

therapeutic targeting of the CD200:CD200R pathway. 

1.6.1  CD200:CD200R family and function 

The CD200 (OX2) protein was first purified and characterised in rats in 1982 

(Barclay and Ward, 1982) and has since been found to be expressed on numerous 

cell types including bronchial epithelial cells, neurons in the central nervous system 

and keratinocytes (Webb and Barclay, 1984, Dick et al., 2001, Rosenblum et al., 

2004, Jiang-Shieh et al., 2010). Furthermore, the distribution of CD200 on these cell 

types is conserved in humans (Wright et al., 2001). Further characterisation of 

CD200 showed that it was a member of the immunoglobulin superfamily (IgSF) and 

that it contained a single transmembrane domain and a short cytoplasmic domain of 

19 amino acids, suggesting an inability for intracellular signalling (Clark et al., 1985).  

The receptor for CD200 (CD200R) was later identified as a protein with expression 

restricted to cells of myeloid lineage. There are high levels of CD200R expression 

on alveolar macrophages when compared to other lung and tissue-resident 

macrophages, as well as strong expression on neutrophils (Wright et al., 2003, 

Snelgrove et al., 2008). CD200R is similar in structure to CD200 but had a larger 

cytoplasmic domain that suggested an increased signalling capacity (Wright et al., 

2000). Interestingly, unlike other inhibitory myeloid immune receptors, CD200R 

does not have an immunotyrosine-based inhibitory motif (ITIM) usually 

phosphorylated by Src family kinases such as SHPs and SHIP-1 as major initiator 

proteins (Ravetch and Lanier, 2000).  

Genes closely related to CD200R were also characterised and termed CD200RLa-

d, however their ability to bind CD200 remains controversial. Some findings 

suggests that CD200RL molecules do not bind to CD200, confirming that CD200 is 

the sole ligand for CD200R in the family (Wright et al., 2003, Hatherley et al., 2005). 
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However, another group has questioned these findings due to incomplete  

NH2-terminal domains for CD200RLb-c, suggesting that the CD200RL family 

interact with CD200 (Gorczynski et al., 2004). Further elucidation of CD200 binding 

would provide interesting insight into alternate roles for CD200:CD200R signalling. 

Soluble forms of CD200 also exist that are produced by membrane shedding or 

mRNA splicing (Chen et al., 2008, Twito et al., 2013), therefore it would be 

interesting to determine difference in binding and signalling capabilities.   

The downstream signalling of CD200:CD200R binding was first elucidated in mast 

cells, initiated through phosphorylation of a tyrosine motif on the cytoplasmic tail of 

CD200R (Zhang et al., 2004). This phosphorylation allows binding and 

phosphorylation of docking protein 2 (Dok2), that in turn recruits Ras GTPase-

activating protein (RasGAP) and leads to the inhibition of pro-inflammatory 

signalling by ERK, JNK and MAPK pathways (Zhang et al., 2004, Mihrshahi et al., 

2009). The inhibition of MAPK activation is responsible for the lack of mast cell 

degranulation and cytokine production following CD200R engagement (Zhang et al., 

2004). Dok1 is also phosphorylated upon CD200R signalling, but is delayed and 

leads to less recruitment of RasGAP. Alternatively, Dok1 phosphorylation recruits 

the adaptor proteins CT10 sarcoma oncogene cellular homologue (Crk) and Crk-like 

(CrkL), initiating a negative feedback loop to regulate inhibition by CD200R 

(Mihrshahi and Brown, 2010). 

The function of this receptor-ligand interaction has been shown to be heavily 

involved in myeloid regulation, with CD200-/- mice showing dysregulation of myeloid 

populations in the spleen and brain (Hoek et al., 2000). As the differences in  

CD200-/- mice were only seen on myeloid cells expressing CD200R, it was evident 

that the function of CD200 was dependent on binding to CD200R. It has been 

shown that CD200 in the follicular epithelium can attenuate inflammatory skin 

reactions and plays a role in maintaining immune tolerance (Rosenblum et al., 

2004). Constitutive expression of CD200R represses pro-inflammatory Th1 cell 

activation both in vitro and in vivo (Gorczynski et al., 1999, Gorczynski et al., 2000). 

Similarly, CD200R has been shown to be a potent regulator of mast cell and human 

basophil function (Cherwinski et al., 2005, Shiratori et al., 2005). While reduced 

expression of monocyte CD200R in sarcoidosis leads to enhanced pro-inflammatory 

cytokine production (Fraser et al., 2016).  

As well as dampening pro-inflammatory Th1 immunity, the CD200:CD200R pathway 

also plays an interesting role in regulation of Th2 immunity. Activation of CD200R 
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with the ligand CD200 increased production of IL-4 and IL-10 (Gorczynski et al., 

2000). However, CD200-/- mice showed a pronounced increase in Th2-associated 

cytokines and enhanced tolerance to autoimmune uveitis (Taylor et al., 2005). 

Similarly, CD200R has also recently been shown to be upregulated on allergen-

specific Th2 cells and is strongly correlated to Th2 pathology (Blom et al., 2017). 

This suggests that maintaining immune homeostasis via CD200R may be a fine 

balance between dampening Th1 responses and avoiding exacerbated Th2 

immunity. 

1.6.2  CD200:CD200R and infectious disease   

1.6.2.1  Bacterial pathogens 

CD200-/- mice have increased susceptibility to Neisseria meningitides compared to 

WT mice due an excessive inflammatory response. Although there was no 

difference in bacterial burden, CD200-/- mice had significantly increased levels of  

IL-6 and TNFα (Mukhopadhyay et al., 2010). N. meningitides has also been shown 

to push monocyte differentiation towards macrophages with higher CD200R 

expression. Upon meningococcal infection these macrophages are important in 

forming a homeostatic microenvironment through secretion of anti-inflammatory 

mediators (Wang et al., 2016). Similarly, infection with Salmonella enterica 

upregulates the expression of CD200 and CD200R on murine effector T cells, which 

also showed decreased TNFα and increased IL-4 production (Caserta et al., 2012). 

These data show the immunomodulatory role of the CD200:CD200R pathway in 

response to bacterial infections, and how the pathogen can manipulate the pathway 

to aid bacterial persistence. Nevertheless, more research is needed to understand 

the role of CD200R in the context of respiratory bacterial pathogens.  

1.6.2.2  Parasitic pathogens  

Infection with the encaphilitic parasite Toxoplasma gondii in WT mice led to 

increased expression of CD200R on microglia and CD200 on blood vessel 

endothelial cells (Deckert et al., 2006). Microglia exhibited increased activation, with 

increased production of TNFα inducible nitric oxide synthase (iNOS) production, 

during T. gondii infection in CD200-/- mice. This led to decreased parasitic burdens 

and increased survival in CD200-/- mice (Deckert et al., 2006). 

In the same way, Leishmania amazonensis upregulates the expression of CD200 

on macrophages, which contributes to its increased virulence over L. major. This is 
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supported by the findings that L. amazonensis shows decreased virulence and 

decreased intracellular replication in CD200-/- mice (Cortez et al., 2011). 

Furthermore, they showed that CD200 on macrophages inhibits iNOS and nitric 

oxide production following L. amazonensis infection, but not L. major infection that 

does not upregulate CD200. Interestingly, exogenous addition of CD200 increased 

the virulence of L. major infection (Cortez et al., 2011). 

As CD200 is usually expressed by non-myeloid cells, upregulation on macrophages 

may imply that they could actually inhibit neighbouring macrophages by expressing 

both CD200R and CD200. It has been shown that macrophages infected with 

intracellular bacteria Mycobacterium tuberculosis can release exosomes to signal to 

neighbouring naive macrophages to stimulate a pro-inflammatory response in a 

TLR-dependent manner (Bhatnagar et al., 2007). Furthermore, these membrane 

vesicles contain lipoglycans that have been shown to inhibit T cell activation and 

provide a mechanism for immune evasion (Athman et al., 2017). It is possible that 

these vesicles may also contain CD200 that can then bind to CD200R on nearby 

macrophages to inhibit rather than activate macrophage activity and an 

inflammatory response. Although this has not been tested, it poses an interesting 

perspective for the methods of immune modulation used by various pathogens.  

1.6.2.3  Viral pathogens 

As with bacterial and parasitic pathogens, viruses show variation in infectious 

outcome upon removal of CD200R signalling. CD200-/- mice exhibited decreased 

viral replication and viral titers in response to mouse hepatitis corona virus (MHV) 

infection (Karnam et al., 2012). This was associated with increased levels of IFNα 

levels in CD200-/- mice, suggesting that the lack of immunomodulation by CD200R 

has a positive effect on MHV clearance. In contrast, although there were no 

differences in viral titers, CD200-/- mice are highly susceptible to influenza A 

infection compared to WT due to an exacerbated inflammatory response  

(Snelgrove et al., 2008). CD200R expression is increased on alveolar macrophages 

during influenza infection which may serve to control the inflammatory response to 

the virus, which as seen in the CD200 deficient mice is a major cause of mortality 

(Snelgrove et al., 2008). However, CD200R-/- mice actually showed the opposite 

infectious outcome compared to CD200-/- mice. CD200R-/- mice showed an 

enhanced inflammatory response, albeit less than CD200-/- mice, and exhibited 

decreased pathogenesis and viral load in response to influenza A infection 

compared to WT (Goulding et al., 2011). Furthermore, this enhanced influenza-
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induced inflammatory response in CD200R-/- mice provided protection against 

secondary bacterial infection with Streptococcus pneumoniae, decreasing bacterial 

burden and preventing systemic dissemination (Goulding et al., 2011).    

Mortality in murine herpes simplex virus 1-induced (HSV-1) encephalitis is strongly 

attributed to increased inflammatory cytokine responses in a TLR2-dependent 

manner (Kurt-Jones et al., 2004). Interestingly, CD200R-/- mice exhibited decreased 

HSV-1 titers and increased survival compared to WT mice. In this study it was 

suggested that dysfunctional TLR2 signalling in CD200R-/- mice led to protection 

against HSV-1 infection (Soberman et al., 2012). 

The differences in infectious outcome to viral infection between CD200 and 

CD200R-deficient mice highlight the fine balance between a detrimental and 

beneficial excessive inflammatory response. Furthermore, it suggests there may be 

a more complex relationship between CD200R signalling beyond ligand binding to 

CD200. 

1.6.3  Viral orthologues of CD200  

Viruses have numerous methods of manipulating host inhibitory receptors in order 

to avoid immune detection (Ong et al., 2016), with some having evolved to express 

orthologs of CD200 in order to manipulate CD200R signalling. Kaposi’s sarcoma-

associated herpesvirus (KSHV) expresses a viral ortholog of CD200 (vOX2) on the 

surface of infected cells which binds to CD200R, but not related CD200R proteins, 

with similar avidity to CD200 (Foster-Cuevas et al., 2004, Amini et al., 2015, Kwong 

et al., 2016). vOX2 is able to decrease macrophage activity in vitro, as well as 

negatively regulating antigen-specific T cell response in vivo (Foster-Cuevas et al., 

2004, Misstear et al., 2012). Furthermore, vOX2 has been shown to downregulate 

basophil function, as well as inhibiting oxidative bursts and IL-8 secretion in human 

neutrophils (Rezaee et al., 2005, Shiratori et al., 2005). 

However, not all viral CD200 orthologues follow the same pattern. The CD200 

orthologue expressed by cytomegalovirus e127 does not alter viral replication or 

inhibit myeloid activity, despite binding to CD200R with equivalent affinity to CD200 

(Foster-Cuevas et al., 2011). Alternatively, M141 is the CD200 orthologue 

expressed by myxoma virus and has been shown to inhibit macrophage and 

lymphocyte activation leading to in increased pathology and viral dissemination in 

infected rabbits (Cameron et al., 2005). Nevertheless, it has been shown that M141 
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does not bind to CD200R, thus must be having immunomodulatory effects 

independent of CD200R signalling (Akkaya et al., 2016). 

1.6.4  Therapeutic targeting of CD200:CD200R 

Binding of CD200 to CD200R induces phosphorylation of downstream targets that 

ultimately leads to the inhibition of pro-inflammatory signalling (Zhang et al., 2004). 

Thus, a CD200 immunoadhesion (CD200-Fc) was developed to further study the 

therapeutic potential of activating CD200R signalling (Gorczynski et al., 1999). 

Much of the therapeutic research has been targeted towards controlling excessive 

inflammatory responses during disease. Treatment of influenza-infected mice with 

CD200-Fc fusion protein led to significantly decreased weight loss and influenza-

induced inflammation (Snelgrove et al., 2008). Similarly, administration of CD200-Fc 

during ocular HSV infection reduced the incidence and severity of lesions compared 

to control, as well as reduced IFNγ production from isolated splenocytes (Sarangi et 

al., 2009).  

As well as pathogen-induced inflammation, CD200-Fc can alleviate autoimmune 

disorders. Collagen-induced arthritis in DBA/1 mice induces severe arthritis within 

30 days; however treatment with CD200-Fc stopped the development of arthritis 

(Gorczynski et al., 2001b, Simelyte et al., 2008). Furthermore, CD200-Fc treatment 

significantly reduced the expression of inflammatory cytokines and matrix 

metalloprotease 13 in joints of arthritic mice (Simelyte et al., 2008). In models of 

skin and renal transplantation, in vivo infusion of CD200-Fc promotes increased 

allograft and xenograft survival (Gorczynski et al., 1999). Interestingly, splenocytes 

from CD200-Fc treated mice exhibited polarisation towards production of the Th2 

cytokines IL-4 and IL-10, suggesting the development of a more tolerogenic 

environment (Gorczynski et al., 2002). However, this is not the case for other graft 

rejection treatments. CD200-/- mice showed difference in corneal graft survival when 

compared to WT. Similarly, mice treated with CD200-Fc following corneal allografts 

showed no difference in allograft rejection time, suggesting that targeting the 

CD200R signalling pathway is not a useful therapeutic option for corneal graft 

rejection (Nicholls et al., 2015). 

The CD200:CD200R pathway also plays an important role in neuroimmune 

regulation and could be a potential therapeutic target for neurodegenerative 

diseases. CD200-/- mice show enhanced activation of microglia in the brain and 

exhibit exacerbated inflammatory response in response to LPS or amyloid-β (Aβ) 

(Lyons et al., 2007, Costello et al., 2011). The production and deposition of Aβ 



68 

 

peptide is thought to drive pathogenesis of Alzheimer’s disease (Murphy and 

LeVine, 2010). Treatment of aging rats with CD200-Fc decreases microglial 

activation, as well as inhibiting Aβ-induced inflammatory responses in mice (Cox et 

al., 2012, Lyons et al., 2012). Interestingly, recent evidence from the same group 

suggests that microglia from CD200-/- mice exhibit increase phagocytosis and 

lysosomal function and diminishes microglial activation in response to Aβ (Lyons et 

al., 2016). This contradicting data highlights the complexity of CD200R signalling.         

Many therapeutic studies have increased CD200R signalling in order to inhibit 

inflammatory responses, however CD200R signalling has been shown to play a 

detrimental role in tumour progression and metastasis. It was originally shown that 

protection from growth of transplanted leukemic tumour cells in mice was abolished 

with CD200-Fc treatment and decreased further by the co-infusion of CD200R+ 

macrophages (Gorczynski et al., 2001a). Further studies showed that CD200 

expression on a breast cancer cell line EMT6 increased during growth in 

immunocompromised mice and subsequent neutralisation of CD200 led to 

decreased tumour metastasis and an increase in anti-tumour immune cells 

(Gorczynski et al., 2011). These findings were further supported by showing 

decreased EMT6 tumour metastasis in CD200R-/- mice and when using EMT6 cells 

with silenced CD200, potentially due to an increase activity of CD8+ T cells  

(Podnos et al., 2012, Curry et al., 2017). 

These data highlight a different aspect of CD200:CD200R therapeutic targeting, in 

that blocking rather than activating CD200R signalling can have beneficial effects on 

tumour progression. Similarly, blocking CD200 may also be beneficial indirectly 

through tumour-derived vaccines. Glioma-derived CD200 has been shown to 

supress anti-tumour immune responses to vaccination, while inhibiting CD200 

significantly increased leukocyte infiltration, and cytokine production to the vaccine 

site (Xiong et al., 2016). Thus the complexity of therapeutically targeting the 

CD200:CD200R pathway is evident, trying to balance the reduction of excessive 

inflammatory response, while at the same time maintaining protective ones.   

 

 

 

 



69 

 

1.7  Aims  

Research investigating infection with Francisella tularensis over the past decades 

has been extensive. The use of the attenuated F. tularensis LVS strain in mice has 

allowed for a deeper understanding of its life cycle and the immune response 

elicited against this bacterium. The strong pro-inflammatory response towards  

F. tularensis is a double-edged sword, with many cytokines such IFNγ, TNFα and 

IL-6 essential for protection, yet possibly the cause of sepsis and death later in 

infection if the response is exacerbated. An understudied area is the mechanisms 

by which F. tularensis is able to achieve initial immune suppression seen during 

respiratory infection. Understanding how the bacterium is able to achieve early 

immune suppression could have major implications for the development of 

treatments and vaccines for F. tularensis and possibly other respiratory pathogens. 

As the lung has the exceptional ability to maintain homeostasis between innocuous 

and harmful pathogens, the negative regulatory pathways seem an extremely likely 

target for evasive pathogens such as F. tularensis. Through the course of this thesis 

two overarching aims were investigated: 

Does CD200R play a role in the early immune suppression during F. tularensis 
infection?  

This aim was addressed in chapter 3, where the expression of negative immune 

regulators during F. tularensis infection was investigated, as well as the importance 

of CD200R signaling using in vitro and in vivo models of infection. At the end of 

chapter 3, and throughout chapter 4, the effect of lack of CD200R in vivo on 

susceptibility to intranasal F. tularensis infection was investigated. The aim was to 

characterise how cell populations and inflammatory cytokine responses changed 

within the lung throughout the course of infection. 

What are the mechanisms by which CD200R influences infectious outcome? 

Some interesting findings from chapter 4 paved the way for the investigation of this 

aim in terms of the role of CD200R in modulating neutrophil effector functions. 

Subsequently, the effect of neutrophil depletion during F. tularensis infection in WT 

and CD200R-/- mice was tested. Furthermore, there was a focus on understanding 

the mechanisms behind how lack of CD200R on neutrophils could alter effector 

functions, such as ROS production and NETosis, needed for efficient pathogen 

clearance. 
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2.1  Bacteria 

2.1.1  Francisella tularensis live vaccine strain  

Francisella tularensis live vaccine strain (LVS) was derived from an original 

NDBR101 Pasteurella tularensis live vaccine, experimental lot 4. The LVS strain 

was originally derived from a culture obtained from the Gamaleia Institute, USSR, 

which was passaged five times through mice to decrease virulence before being 

cultured from the blood of moribund mice (Eigelsbach and Downs, 1961). The vial 

used has been stored at -20°C in the culture collection at the Defence Science and 

Technology Laboratory (Dstl, Porton Down). The vaccine contained 6 x 109 colony 

forming units (CFU) of lyophilized F. tularensis LVS. 

2.1.2  Preparation of master stock  

The lyophilized vaccine (2.1.1) was resuspended in 2 ml sterile water and 100 µl of 

the bacterial suspension was streaked onto 20 blood cysteine glucose agar (BCGA) 

plates (Oxoid, Thermo Fisher). Plates were incubated at 37°C for 48 hours and then 

all the bacterial lawns were scraped into cryopreservation liquid (Technical Service 

Consultants Ltd). Following this, 1 ml aliquots of the bacterial suspension were 

placed into vials containing cryopreservation beads (Technical Service Consultants 

Ltd) and stored at -80°C. 

2.1.3  Preparation of an in vitro challenge dose  

The bacterial challenge dose for in vitro experiments was often high and required 

large volumes; therefore a fresh challenge dose was used every time.  

A cryopreservation bead was taken from the master stock (2.1.2) with an inoculation 

loop and streaked onto a BCGA plate. The BCGA plate was incubated at 37°C for 

48 hours. The bacteria from the LVS lawn was then resuspended in complete L-15 

media until a spectrophotometer reading of optical density at 600 nm 0.20 was 

obtained. It was previously determined that OD600nm 0.20 corresponded to ~1x109 

CFU/ml. The required CFU was then obtained through further serial dilutions.  

2.1.4  Preparation of an in vivo challenge dose 

Initially challenge doses for in vivo experiments were obtained the same way as for 

in vitro experiments (2.1.3). However, it was later changed to working from a frozen 

in vivo challenge stock of F. tularensis LVS. This consisted of a preparation of 

~1x109 CFU/ml (2.1.3) diluted down to make 100 µl aliquots of 1x106 CFU/ml which 
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were frozen at -80°C in cryopreservation liquid. When an in vivo challenge dose was 

required, an aliquot of 1x106 CFU/ml was diluted in PBS (Sigma) to 2x104 CFU/ml 

so that 1000 CFU could be given in 50 µl intranasal doses (described further in 

2.3.2). 

2.2  In vitro infection models 

2.2.1  MH-S cells 

In order to study alveolar macrophage responses to F. tularensis infection in vitro, 

the MH-S cell line (American Type Culture Collection, CRL-2019) was used. These 

cells were derived by transforming cells obtained from the bronchoalveolar lavage of 

Balb/c mice with simian virus 40 (SV40) (Mbawuike and Herscowitz, 1989).  

MH-S cell cultures were maintained in complete RPMI (Sigma) (10% FCS), splitting 

cells by scraping when 90% confluent every 2-3 days. Cultures were maintained 

until passage 25-30 before seeding a fresh vial.      

2.2.2  Generation of bone marrow-derived macrophages 

Hind legs were removed from WT and CD200R-/- mice, bones were cleaned and 

bone marrow was flushed from bones using sterile PBS. Cells were resuspended in 

1 ml red blood cell lysis buffer for 3 minutes, before quenching with complete RPMI. 

Cells were then centrifuged for 5 minutes at 300 x g, before being resuspended in 

complete BMDM media (RPMI – 20% FCS, 20 mM HEPES, 20 ng/ml MCSF) 

(Sigma) and 6x106 cells were seeded in 10cm non-treated culture dish. After 7 

days, the supernatant was removed and adherent cells were carefully removed by 

gently scraping the culture dish. Cells were washed and resuspended in complete 

RPMI (10% FCS) to a concentration of 4x105 cells/ml and seeded in a 24 well plate.  

2.2.3  Primary neutrophil isolation 

Bone marrow was isolated from hind legs of WT and CD200R-/- mice as described 

previously (2.2.2), and neutrophils were isolated by negative selection using MACS 

Neutrophil Isolation Kit (Miltenyi Biotec) as per the manufacturer’s instructions. In 

short, the single cell suspension was incubated with a neutrophil biotin-antibody 

cocktail for 10 minutes at 4°C, washed with wash buffer and incubated for 15 

minutes at 4°C with anti-biotin microbeads. Neutrophils were then isolated by 

magnetic separation with MS MACS columns and a MACS Separator (Miltenyi 

Biotec). Following isolation, 4x105 cells/well were seeded for further downstream 

processing. 
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2.2.4  F. tularensis LVS in vitro infection assay 

F. tularensis LVS inoculum was prepared as described previously. Multiplicity of 

infection (MOI) of 100 was achieved through serial dilutions in L15 media (10% 

FCS, 5 mM L-Glutamine) (Life Technologies). Actual inoculum MOI was determined 

by plate count on BCGA. Cells were incubated for 2 hours (MH-S cells and BMDM) 

or 4 hours (primary neutrophils) with the LVS inoculum at 37°C to allow for cellular 

uptake of the bacteria. LVS was removed and cells were washed with warm PBS, 

followed by 30 minute incubation with 10 µg/ml gentamicin (Sigma) to kill any 

extracellular bacteria. At this point cells were either lysed to determine bacterial 

burden (2.2.6) or culture medium replaced with complete L15 with 2 µg/ml 

gentamicin for 24 hours. 

2.2.5  CD200-Fc treatment in vitro 

For experiments involving CD200-Fc treatment, cells were treated with 10 ng/ml 

CD200-Fc or human IgG1 (R&D Systems) in complete L15 medium during 

incubation with LVS for 2 hours, as well as throughout the incubation with 

gentamicin (2.2.4). CD200-Fc recombinant protein is 49 kDa and consists of an  

N-terminal mouse CD200 (Gln31-Gly232) derived from the mouse myeloma cell line 

NS0, fused to human IgG1 (Pro100-Lys330) at the C-terminal by a polypeptide 

linker (IEGRMD). 

2.2.6  Determining bacterial burden 

To determine bacterial load at desired time points, the cells were lysed for 2-3 

minutes with 1 ml of cold dH20 while scraping. The neat lysates were immediately 

plated in triplicate 50 µl spots onto BCGA plates. Neat lysates were further diluted in 

PBS and plated in the same way. BCGA plates were incubated for 4-5 days at 37°C 

and single colonies were counted to determine F. tularensis LVS burden (CFU/ml). 

2.3  In vivo infection models 

2.3.1  Animals 

All animal experiments were performed under the project license 40/03633  

(Mark Travis - immunoregulation during pathogen infection). Female WT C57BL/6 

mice (Charles River, UK) and CD200R-/- mice, bred on a C57BL/6 background 

(Boudakov et al., 2007), were kept in specific pathogen–free conditions according to 

institutional and UK Home Office guidelines in the Biological Services Facility at The 
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University of Manchester. They were provided with autoclaved food, water and 

bedding. All procedures were performed in accordance with the Home Office 

Scientific Procedures Act (1986) and under the DERFA license.   

2.3.2  F. tularensis LVS in vivo intranasal infection 

Eight- to twelve-week old WT or CD200R-/- mice were put under light anesthesia 

with isoflurane and infected intranasally with 50 µl PBS containing ~1000 CFU LVS. 

Actual dose was determined by plating dilutions of the challenge dose on BCGA 

plates (2.2.6). Mouse weights were recorded daily, clinical scoring was monitored 

and mice were culled when needed by cervical dislocation or intraperitoneal 

overdose of 20% weight/volume sodium pentobarbitone (Animalcare Ltd, York, UK). 

2.3.3  CD200-Fc treatment 

Female WT mice were treated intraperitoneally with 200 µl PBS or 10 µg CD200-Fc 

or hIgG in 200 µl PBS one day before intranasal challenge with F. tularensis LVS. 

They were further dosed at day 1, 3 and 5 p.i., before being culled at day 7 p.i. 

(Figure 4.7A). 

2.3.4  Antibiotic treatment 

Female WT mice were treated intraperitoneally with a sham injection of 200 µl 

ddH2O or 100, 10 or 1 mg/kg gentamicin in 200 µl ddH2O at day 1, 3 and 5 following 

intranasal challenge with F. tularensis LVS. Mice were culled at day 7 p.i. (Figure 

4.10A). 

2.3.5  Antibody-mediated neutrophil depletion 

WT C57BL/6 and CD200R-/- mice were treated intraperitoneally with 50µg 

InVivoPlus anti-mouse Ly6G (clone 1A8) (Bio X Cell, #BP0075-1) or InVivoPlus rat 

IgG2a isotype control (Bio X Cell, #BP0089) in 200 µl PBS one day before 

intranasal challenge with F. tularensis LVS. They were further dosed at day 1, 3 and 

5 p.i., before being culled at day 7 p.i. 

2.3.6  Determining organ bacterial burden 

The lung, liver and spleen of F. tularensis LVS infected mice were removed and 

weighed, before pressing organs through a 40 µM cell sieve in 1 ml PBS containing 

protease inhibitor cocktail (Roche). Organ homogenates were plated in triplicate 50 

µl spots at appropriate dilutions up to 10-6 on BCGA plates and incubated at 37°C 
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for 4-5 days. Once colonies had grown sufficiently, single colonies were counted 

and final bacterial burden was calculated using corresponding organ weights 

(CFU/g). 

2.4  Flow cytometry 

2.4.1  In vitro cell preparation 

The supernatant was removed and adherent cells were washed twice with PBS. 

Cells were then dislodged by scraping the well in 200 µl PBS and processed for flow 

cytometry as described in 2.4.4.2.  

2.4.2  Lung single cell suspension 

The right lobes of the lung were dissected, placed in 1 ml Hank’s Balanced Salt 

Solution (HBSS, Sigma) and processed for flow cytometry analysis. Lung tissue was 

finely chopped and 100 µg/ml Liberase TM (Roche) and 100 µg/ml DNase I (Roche) 

were added to the HBSS. Samples were shaken at 37°C for 30 minutes. HBSS 

containing 5 mM EDTA was added to stop the digest and samples were placed on 

ice. Digested tissue was then passed through a 40 µM cell sieve and centrifuged at 

300 x g for 5 minutes. This was followed by resuspension in red blood cell lysis 

buffer (Sigma) for 3 minutes at room temperature, before quenching with complete 

RPMI. Samples were centrifuged at 300 x g for 5 minutes, washed in PBS, and 

centrifuged again before staining for flow cytometry.  

2.4.3  Bronchoalveolar lavage (BAL) 

In order to retrieve cells from the alveolar airway, bronchoalveolar lavage (BAL) was 

performed on mice. Briefly, following death by intraperitoneal overdose of 20% w/v 

sodium pentobarbitone, the trachea was exposed and a small incision was made.  

A 21g needle attached to plastic tubing was inserted into the trachea and 1ml of 

HBSS with 0.05 M EDTA (BAL fluid) was inserted into the lungs and washed out 

twice. BAL samples were then centrifuged at 300 x g for 5 minutes and 

supernatants removed. The cell pellet was resuspended in 1 ml red blood lysis 

buffer for 3 minutes a room temperature, before quenching with complete RPMI. 

The suspension was then centrifuged at 300 x g for 5 minutes and processed for 

flow cytometry. 
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2.4.4  Antibodies  

2.4.4.1  Anti-F. tularensis LVS antibody  

For intracellular detection of F. tularensis LVS by flow cytometry was initially 

achieved by using a FITC-labelled anti-F. tularensis lipopolysaccharide (LPS) (clone 

F20.29) monoclonal antibody made by the Detection Department, Dstl (Porton 

Down). However, due to a supply shortage of the previous antibody, this was 

subsequently changed to using an anti-F. tularensis LPS monoclonal antibody 

(clone FB11, Abcam) labelled in house with an APC Conjugation Kit (Abcam) to a 

stock concentration of 1.5 mg/ml. 

2.4.4.2  Cell staining protocol for flow cytometry   

Cells from the macrophage infection assays and those prepared from organ 

digestion were both used for flow cytometry analysis. Cells were stained with 

LIVE/DEAD® Fixable Blue Dead Cell Stain kit (Table 2.1, Invitrogen) and incubated 

for 10 minutes at 4°C. Cells were washed in FACS buffer (0.5% FCS in 1x PBS) 

and incubated with an Fc receptor blocking CD16/32 antibody (eBiosciences) at  

5 µg/ml for 20 minutes at 4°C. Subsequently, cells were stained with antibodies 

against extracellular markers (Table 2.2) for 30 minutes at 4°C. For intracellular 

staining, cells were washed, centrifuged and resuspended in 

Fixation/Permeabilisation buffer (concentrate:diluent, 1:3) (eBioscience) and 

incubated at 4°C overnight. Cells were then washed in permeabilisation buffer 

(concentrate:dH20, 1:9) (eBioscience), centrifuged and incubated with antibodies 

against intracellular markers (Table 2.3) in permeabilisation buffer for an additional 

30 minutes at 4°C. Appropriate isotype controls were used for all intracellular 

markers and extracellular gating was originally established using fluorescence 

minus one (FMO) stained samples. Finally, the cells are washed, resuspended in 

FACS buffer and analysed on a BD LSR Fortessa (BD Biosciences) unless 

otherwise stated. Data was further analysed using FlowJo software (Tree Star, 

Ashland, Oregon). 
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Table 2.1 | Specifications for fluorescent viability dyes. 

 

 

Table 2.2 | Specifications of fluorochrome-conjugated antibodies for extracellular 
targets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Viability Stain Fluorochrome Concentration Company

Annexin V Pacific Blue 1/100 Invitrogen

LIVE/DEAD Blue UV450 1/200 Invitrogen

SYTOX-Orange PE 5 µM Invitrogen

TO-PRO-3 APC 1 µM Invitrogen

Antibody Target Fluorochrome Concentration Clone Company

CD11b APC-Cy7 1 µg/ml M1/70 BioLegend

CD11c PE-eFluor 610 1 µg/ml N418 eBioscience

CD200R PE 1 µg/ml OX-110 BioLegend

CD4 BV650 1 µg/ml RM4-5 BioLegend

CD45 FITC                
BV510 1 µg/ml 30-F11 BioLegend

CD63 PE-Cy7 1 µg/ml NVG-2 BioLegend

CD64 PE-Cy7 1 µg/ml X54-5/7.1 BioLegend

CD8 BV785 1 µg/ml 53-6.7 BioLegend

I-A/I-E (MHC-II) AlexaFluor 700 1 µg/ml M5/114.15.2 BioLegend

Gr1                                
(Ly6C and Ly6G) FITC 1 µg/ml RB6-8C5 BioLegend

LAMP-1 FITC 1 µg/ml 1D4B BioLegend

Ly6C BV421 1 µg/ml HK1.4 BioLegend

Ly6G BV711                   
PE-Cy7 1 µg/ml 1A8 BioLegend

Myeloperoxidase (MPO) FITC 1 µg/ml 2D4 Abcam

Siglec-F PerCP-eFluor 710 1 µg/ml 1RNM44N eBioscience

TCR-β BV605 1 µg/ml H57-597 BioLegend
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Table 2.3 | Specifications of fluorochrome-conjugated antibodies for intracellular 
targets and corresponding isotype controls. 

 

2.5  Image Stream 

Samples were processed the same as would be for flow cytometry analysis 

(2.4.4.2). Samples were placed in a round-bottom 96-well plate and analysed on an 

Amnis ImageStreamX Mark II (Millipore). Data was further analysed on the analysis 

software IDEAS® (Amnis). 

2.6  Measurement of cytokines and chemokines 

2.6.1  Cytokine stimulation  

Lungs were processed to a single cell suspension as described previously (2.4.2). 

Cells were placed in a round-bottom 96-well plate and incubated at 37°C for 4 hours 

with complete RPMI containing Cell Stimulation Cocktail (plus protein transport 

inhibitors (1X, eBioscience). The cocktail consisted of phorbol 12-myristate  

13-acetate (PMA) and ionomycin to induce activation of cells to produce cytokines, 

and brefeldin A and monensin to allow secreted proteins to accumulate in the 

endoplasmic reticulum and Golgi apparatus. Following the incubation, cells were 

processed for flow cytometry as described previously (2.4.4.2).  

2.6.2  Measuring ex vivo organ cytokines 

Neat organ homogenates from the lung used to determine bacterial burden (2.3.6) 

were used to measure organ cytokine concentrations. The levels of cytokines IFNγ, 

TNFα, IL-17A, IL-6, IL-1β and KC were measured via the LEGENDplex Multiplex 

Immunoassay (Biolegend) according to the manufacturer’s instructions. Briefly, 

organ homogenate supernatants were incubated for 2 hours at room temperature 

Antibody Target Fluorochrome Concentration Clone Company

F. tularensis LPS FITC 1 µg/ml F30.29 Dstl

F. tularensis LPS APC 2.5 µg/ml FB11 Abcam

IFNγ BV711 1 µg/ml XMG1.2 BioLegend

IL-6 PE 2 µg/ml MP5-20F3 eBioscience

TNFα PerCP-eFluor710 1 µg/ml MP6-XT22 eBioscience

Rat IgG1 BV711/PE/   
PerCP-eFluor710 1 µg/ml eBRG1 eBioscience

Rat IgG2a APC 2.5 µg/ml RTK2758 BioLegend
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with beads conjugated to specific antibodies that could be distinguished by size and 

internal fluorescence intensities. Following a wash step, a biotinylated detection 

antibody cocktail was added for 1 hour at room temperature to bind to the specific 

analyte-bound capture beads. Streptavidin-phycoerythrin (SA-PE) was 

subsequently added for 30 minutes at room temperature, binding to the biotinylated 

detection antibodies and providing PE fluorescence that was quantified in reference 

to a standard curve using a BD FACS Verse and the LEGENDplex Software 

(VigeneTech). Final cytokine was determined by normalising to original lung weight. 

2.7  Histology 

2.7.1  Lung dissection and inflation  

Mice were culled by intraperitoneal overdose of 20% w/v sodium pentobarbitone 

and the lungs and trachea were exposed. The left lobe of the lung was tied off with 

thread at the primary bronchus and removed. A small incision was made in the 

trachea and a 21g needle attached to plastic tubing was inserted into the trachea. 

Following this, 2-3 ml of 10% formalin was injected into the lung until the right lobe 

was fully inflated. The inflated lung was removed and placed in a 50 ml centrifuge 

containing 20 ml of 10% formalin and left overnight. The following day, the lung was 

cleaned of excess tissue, placed into a histology cassette and stored in 70% ethanol 

until needed.      

2.7.2  Tissue processing and haematoxylin and eosin (H&E) staining 

All tissue processing took place in the Histology facility (University of Manchester).  

Histology cassettes were removed from 70% ethanol and placed in a Shandon 

Citadel 2000 automated tissue processer (Thermo Scientific). The automated 

program consisted of passing samples through various stations including: 

increasing ethanol concentrations to dehydrate the sample, clearing agents such as 

xylene to remove ethanol and finally embedded by infiltration of molten paraffin wax.  

Processed lung tissue was then manually embedded in paraffin wax blocks using a 

Shandon Histocentre2 (Thermo Scientific). Tissue blocks were sectioned using a 

Microm HM 330 (Thermo Scientific) and placed onto microscopy slides. Paraffin 

sections were dewaxed by placing slides in xylene solutions, rehydrated with 

reducing concentrations of ethanol (100%, 95%, 80% and 75%) and finally washed 

with distilled water. Subsequently, samples were H&E stained using Shandon 

Linistain GLX (Thermo Scientific). 
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2.7.3  Sample imaging and image analysis 

H&E stained samples were imaged using a Pannoramic 250 Flash III (3DHistech) in 

the Bioimaging facility (University of Manchester). Images were further analysed 

using CaseViewer (3DHistech) and representative images were taken at 20x 

magnification. Scale bar represents 50 µm. Quantification of cell infiltration was 

determined using particle analysis in ImageJ with one detectable nucleus equating 

to one cell (Schneider et al., 2012), then normalised to the surface area of lung 

tissue in the image by manually removing all bronchial and vascular lumen area.  

2.8  RNA 

2.8.1  RNA extraction 

Cells were lysed with 350 µl of RLT Buffer (Qiagen) and stored at -80°C until 

required. RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. Briefly the steps between spins involved: adding 350 µl 

of 70% ethanol, a DNase digestion, adding 700 µl RW1 Buffer, two steps of 500 µl 

RPE Buffer, a drying step and finally eluting in 30 µl RNase-free water. RNA 

concentration was measured using a NanoDrop 2000c (Thermo Scientific) and RNA 

purity was assess by the ratio of absorbance at 260/280 nm. 

2.8.2  Preparation of complementary DNA (cDNA) 

cDNA was generated from extracted RNA using the High-Capacity RNA-to-cDNA™ 

Kit (Applied Biosystems - Thermo Fisher) according to the manufacturer’s 

instructions. The reverse transcription (RT) reaction mix contained 10 µl 2X RT 

Buffer, 1 µl 20X RT Enzyme and up to 9 µl RNA sample after normalising 

concentrations; making up a total 20 µl reaction mix. RT was performed using a 

Chromo4 thermocycler (Bio-Rad) with three steps: 37°C for 60 minutes, 95°C for  

5 minutes and 4°C indefinitely. Typically, cDNA was used immediately for real-time 

qPCR or stored at -20°C. 

2.8.3  Real-time qPCR 

Quantitative real-time PCR was performed on the Quant Studio 12K Flex system 

(Applied Biosystems). Each reaction mixture contained 10 ng of cDNA, 2X Fast 

SYBR Green Master Mix (Applied Biosystems) and 0.6 µM of forward and reverse 

primers (see Table 2.4 for mouse primer sequences). Samples were incubated at 

95°C for 5 minutes, followed by a denaturing step at 95°C for 5 seconds and a 
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combined annealing/extension step at 60°C for 30 seconds repeated for 40 cycles. 

Values of target mRNA were normalized to the housekeeping gene β-actin.  

Data were analysed using the 2-∆∆CT method (Livak and Schmittgen, 2001) and 

presented in-terms of fold change in relation to uninfected control.  

Table 2.4 | Primer sequences for detection of mouse genes by qPCR. 

 

2.9  Apoptosis/necrosis assays 

Primary neutrophil were isolated as described previously (2.2.3). To monitor the 

progression of cell death in WT and CD200R-/- neutrophils, 2-colour viability staining 

was performed with annexin V and TO-PRO-3 (Table 2.1) (Jiang et al., 2016). 

Briefly, cells were washed with PBS and stained for 20 minutes with annexin V at 

4°C for 20 minutes, before adding TO-PRO-3 for an additional 10 minutes. Samples 

were washed with PBS and analysed immediately on a BD FACSCanto II.     

2.10  Measurement of reactive oxygen species 

2.10.1  ROS in response to PMA or F. tularensis LVS 

Primary neutrophil were isolated as described previously (2.2.3). WT and CD200R-/- 

primary neutrophils were incubated for 15 minutes with Dihydrorhodamine 123 

(DHR123) (25 ng/ml), followed by 1-hour stimulation with PMA (100 ng/ml). 

Alternatively, primary neutrophils were infected with LVS MOI 100 and incubated 

with DHR123 for 24 hours. DHR123 is able to diffuse into the cell where it is 

oxidized by ROS to cationic rhodamine 123, which in turn emits green fluorescence 

(FITC) that can be measured by flow cytometry.  

 

Gene Sequence (5'-3')

Forward: ATCAGTGGCTTCAGAAAATGCAA 
Reverse: GCCTCCACCTTAGTCACAGT
Forward: TTCAGCTATTGGACGCGAGG 
Reverse: GAATCTGACACCCAGCGGAA
Forward: CACATCACCTTGGATAGAAGCC 
Reverse: CAGCCAGATCAGCTGGAGATC
Forward: GCACCTCCAGGAATCAAGAG 
Reverse: GGGTCCAGTGAGGATCTGAA

CD200R

CD206

SIRPα

TREM2
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2.10.2  Detection by flow cytometry  

At the desired time point, cells were washed in PBS labelled with α-Ly6G antibody 

for 20 minutes and FITC DHR123 expression was then measured using a BD 

FACSCanto II. Oxidative index was quantified using the following equation: MFI 

Stimulated/MFI Unstimulated. DHR ratio was quantified using the following 

equation: MFI DHR+/MFI DHR-. 

2.11  Measuring neutrophil extracellular trap formation  

Primary neutrophil were isolated as described previously (2.2.3), and stimulated 

with 100 ng/ml PMA for 1 hour at 37°C. Cells were washed in PBS and stained for 

the MPO (Table 2.2) and the viability dye SYTOX-Orange (Table 2.1) for 20 minutes 

at 4°C. Cells were analysed immediately on a BD FACSCanto II and NET formation 

was determined by MPO and SYTOX positivity (Masuda et al., 2017). 

2.12  Statistical analysis 

All graphs and statistical analysis were produced using GraphPad Prism 6 for 

Windows, version 6.04. Data was expressed as the mean ± standard deviation 

(SD). Figure legends display the number of experiments undertaken, as well as the 

number of repeats per group. Normality was determined using the D’Agostino-

Pearson and Shapiro-Wilk normality tests. If any data set within the samples 

showed normal distribution, the data was subsequently analysed parametrically. 

Statistical analysis was performed by one-way ANOVA, two-way ANOVA and 

Tukey’s multiple comparison test or unpaired t-tests. Significance was considered at 

p<0.05. 
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Chapter 3 

 

Determining the role of CD200R in the early immune 
suppression during Francisella tularensis infection 
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3.1   Introduction 

Francisella tularensis exhibits increased virulence when contracted via the 

inhalational route in humans and in animal models (Gurycova, 1998). However,  

F. tularensis LVS is attenuated in humans while maintaining full virulence in mice, 

allowing research on the bacterial life cycle, host immune response against the 

pathogen and mechanisms of virulence in murine models (Eigelsbach and Downs, 

1961, Roberts et al., 2014, Golovliov et al., 1995, Conlan et al., 2002). Of particular 

interest is the ability of F. tularensis LVS to evade and dampen the host immune 

response during early stages of pulmonary infection, aiding in rapid replication and 

dissemination of the bacterium (Bosio, 2011). During this early stage of infection, 

the primary infected cell type is the alveolar macrophage due to their abundance in 

the pulmonary airway (Hall et al., 2008).       

Alveolar macrophages play a crucial role in the maintenance of airway immune 

homeostasis through the expression of numerous negative regulatory receptors 

such as CD200R, SIRPα and TREM2. These receptors interact with ligands and 

soluble mediators present in the alveolar lumen to dampen alveolar macrophage 

activity, preventing inappropriate inflammatory response to innocuous antigens 

(Hussell and Bell, 2014). An array of pathogens have been shown to manipulate 

these regulatory pathways, and thus alveolar macrophage activity, in order to 

increase pathogen survival (Gaynor et al., 1995, Cortez et al., 2011, Sharif et al., 

2014). Therefore, it was hypothesised that F. tularensis was able to modulate 

negative immune regulatory receptors on alveolar macrophages to dampen 

inflammatory activity and evade immune detection during early infection. 

In Chapter 3, this hypothesis was initially explored using in vitro models, before 

investigating the early response to F. tularensis LVS using a knockout mouse 

model. A preliminary RNA screening highlighted CD200R as a promising target, 

allowing research to be focused on CD200R. The negative regulator CD200R has 

very high expression on alveolar macrophages and functions to downregulate ERK, 

JNK and MAPK inflammatory signalling (Zhang et al., 2004). Thus, it was 

hypothesised that lack of negative signalling by CD200R would offer protection from 

infection by increasing the early immune response against F. tularensis, a 

hypothesis tested by characterising the early response to F. tularensis infection in 

CD200R-/- mice. 
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3.2  Results 

3.2.1  Developing an in vitro model for F. tularensis LVS infection   

The initial goal was to optimise an appropriate in vitro infection model in order to 

investigate the effects of F. tularensis infection. The overarching focus was to 

investigate pulmonary F. tularensis infection, and alveolar macrophages have been 

shown to be the first infected cell type in mice via this route (Hall et al., 2008). 

Therefore, it was important to obtain an initial, basic understanding of how  

F. tularensis growth occurred in alveolar macrophages and how the bacterium 

influenced regulatory pathways in these cells. This would be achieved by studying  

in vitro models before moving onto the more complex in vitro environment.   

To this end, MH-S cells were chosen, an SV40-transformed alveolar macrophage-

like cell line (Mbawuike and Herscowitz, 1989), for the in vitro model. These cells 

have been shown to have similar receptor expression and particle binding 

properties to primary alveolar macrophages (Mbawuike and Herscowitz, 1989), and 

have been used in the study of macrophage interaction with other intracellular 

pathogens such as Legionella pneumophila and Mycobacterium tuberculosis (Melo 

and Stokes, 2000, Matsunaga et al., 2001).  

Firstly, a method to consistently incubate cells with the same infectious dose was 

developed. Thus, the bacterial concentration of F. tularensis LVS resuspended in 

cell culture media was determined by measuring the optical density (OD) of the 

media at a wavelength of 600 nm. There was an exponential increase in the 

bacterial count in media of OD600 0.05, 0.10, 0.15 and 0.20, with an OD of 0.20 

correlating to a bacterial concentration of approximately 1x109 CFU/ml (Figure 

3.1A). From these results an accurate estimate of the multiplicity of infection (MOI) 

used during in vitro assays was achieved, prior to determining the actual dose.  

Following this, the effect of different F. tularensis LVS MOI on infection kinetics in 

MH-S cells was determined. To this end, cells were incubated with the appropriate 

MOI for 2 hours to allow the bacteria to be phagocytosed by the cells. After 2 hours, 

cells were washed with culture media and treated with 10 µg/ml gentamicin for  

30 minutes to kill extracellular bacteria not taken up by the cells. At this point, cells 

were either taken for further downstream processing (i.e. enumeration of bacterial 

burden, flow cytometry, RNA extraction) or maintained in culture media with 2 µg/ml 

gentamicin (to kill remaining extracellular bacteria and focus counts on intracellular 

bacteria only) and cells analysed at 6 or 26 hours post-infection (Figure 3.1B). 
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Infecting MH-S cells with different F. tularensis LVS MOI of 1, 10 and 100 (average 

MOI of 1.6, 22 and 147 respectively), all showed a consistent pattern of infection 

throughout the 26 hours post-infection (p.i.) (Figure 3.1C). As expected there were 

increased bacterial burden between MOI 1, 10 and 100 at 2, 6 and 26 hours p.i., but 

the infection dynamics remained the same for each condition. At each challenge 

dose there was no change in bacterial burden between 2 and 6 hours p.i., whereas 

by 26 hours p.i. a large two-log increase in bacterial burden was observed 

regardless of MOI (Figure 3.1C). However, there were only significant differences 

during infection with an MOI 100 compared to 1 and 10 at 6 and 26 hours p.i. 

(Figure 3.1C), therefore MOI 100 was used in all future in vitro experiments in order 

to try and elicit the biggest response from the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 | Optimising an in vitro macrophage infection model for F. tularensis LVS. 
A) F. tularensis LVS grown on BCGA plates for 48 hours was resuspended in  
L-15 culture media and the bacterial concentration (CFU/ml) was determined from media at 
OD600nm 0.05, 0.10, 0.15 and 0.20 measured on a spectrophotometer. B) Schematic diagram 
explaining the methodology of the in vitro macrophage infection assay (further description in 
Methods 2.2.4). C) MH-S cells were incubated with an average F. tularensis LVS MOI 1.9 
(■), MOI 22 (■) or MOI 147 (■), and then lysed at 2, 6 and 26 hours p.i. to determine 
bacterial burden. Data are representative of two independent experiments and is shown as 
mean ± SD (n=6, 3/group). Statistical analysis was performed between MOI using a two-way 
ANOVA (*p<0.05, ****p<0.0001).  
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To better understand the timecourse of infection within macrophages, the timepoints 

post-infection when bacterial burden was measured were increased. This allowed 

better understanding of infection kinetics between 6 and 26 hours p.i. where a large 

increase in bacterial replication was observed. MH-S cells were infected with  

F. tularensis LVS and bacterial burden was measured at 2, 6, 10, 14, 20 and 26 

hours p.i. As was previously observed, there was no significant difference in 

bacterial burden at 2 and 6 hours p.i. (Figure 3.2A). However, there was an 

exponential increase in burden from 10 hours up to 26 hours p.i., reaching 

significance at 20 and 26 hours p.i. (Figure 3.2A). These data suggest that there 

was very little net growth of bacteria until between 6-10 hours p.i., but once the 

bacteria began to replicate they did so continuously until 26 hours p.i.  

3.2.2  Analysing in vitro F. tularensis LVS infection by flow cytometry 

Next, the kinetics of F. tularensis LVS infection in MH-S cells was investigated 

further using flow cytometry. To determine the percentage of infection, cells were 

pre-gated on single, live cells (Figure 3.2B). It was interesting to note that incubation 

of MH-S cells with LVS did not affect the viability of the cells throughout the time 

course of infection when compared to uninfected controls (Figure 3.2C).  

The percentage of infected cells was measured at 2, 6, 10, 14, 20 and 26 hours p.i. 

using a FITC-conjugated monoclonal antibody against F. tularensis LVS (Figure 

3.2D). Results showed that only ~1% of cells were infected at 2 and 6 hours p.i., 

significantly increasing to ~3% at 10, 14 and 20 hours p.i., before reaching ~4% at 

26 hours p.i. that was significantly higher than other timepoints (Figure 3.2D & E). 

These results suggested that despite a high MOI, few cells were infected. 

Results obtained by flow cytometry showing low percentage cell infection was 

surprising considering the high bacterial burden seen when enumerating CFU in 

MH-S cells. Therefore a different antibody was tested to determine whether a better 

representation of infection in MH-S cells could be observed. The FITC-F. tularensis 

antibody was compared to a new APC-conjugated monoclonal antibody against  

F. tularensis LVS. When measuring percentage of F. tularensis LVS infection in  

MH-S cells at 26 hours p.i., the APC-F. tularensis antibody was able to provide a 

more distinct population of infected cells compared to the FITC antibody (Figure 

3.3A). Subsequently, this allowed the measurement of significantly more infected 

cells, at 26 hours p.i. when using the APC-F. tularensis antibody (Figure 3.3B). 

Thus, these data suggest that the APC-F. tularensis antibody was more effective at 

labelling the bacteria and provided a more sensitive quantification of infected cells.      
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Figure 3.2 | Exponential increase in F. tularensis burden from 6 to 26 hours post-
infection in MH-S cells. MH-S cells were incubated with F. tularensis LVS MOI 95 and 
analysed at 2, 6, 10, 14, 20 and 26 hours p.i. A) Bacterial burden (CFU/ml) was enumerated in 
infected MH-S cells. B) Gating strategy for flow cytometry analysis, showing samples initially 
pre-gated on live, single cells. C) Percentage of live cells of uninfected and infected MH-S 
cells at 2, 6, 10, 14, 20 and 26 hours p.i. D) Representative dot plots of infected MH-S cells at 
2, 6, 10, 14, 20 and 26 hours p.i., determined by F. tularensis LVS-FITC monoclonal antibody 
expression (E) Quantification of percentage infection in MH-S cells infected with F. tularensis 
LVS. Data is from one experiment shown as mean ± SD (n=3). Statistical analysis was 
performed using a one-way ANOVA (***p<0.001, ****p<0.0001). 

 

Figure 3.3 | APC-conjugated F. tularensis LVS antibody provides a more sensitive 
detection of infected cells. MH-S cells were incubated with LVS MOI 100 and analysed by 
flow cytometry at 26 hours p.i. A) Representative dot plots comparing the percentage of  
F. tularensis LVS-infected cells using FITC and APC F. tularensis LVS monoclonal 
antibodies. B) Quantification percentage of infected MH-S cells at 26 hours p.i. Data 
represents on experiment and is shown as mean ± SD (n=3). Statistical analysis was 
performed using a student t-test (****p<0.0001). 
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3.2.3  Analysing F. tularensis LVS infection in vitro by ImageStream 

Despite the increased sensitivity of the APC-F. tularensis antibody, there was still 

interest in better understanding the relatively low percentage of infection in MH-S 

cells and additional information about the localisation of infection within 

macrophages was explored. Thus, infected MH-S cells were analysed using an 

ImageSteam that was able to combine the phenotyping abilities of flow cytometry 

with the detailed imagery of microscopy (Phanse et al., 2012, Jenner et al., 2016). 

MH-S cells were infected with F. tularensis LVS and analysed at 2, 6 and 26 hours 

p.i. with the ImageStream. Cells were initially gated on single and in focus cells 

(Figure 3.4A), before looking at the percentage of infected cells (Figure 3.4B).  

As previously observed, there was no difference between the percentage infection 

seen at 2 and 6 hours p.i., while there was a significant increase in infected cells at 

26 hours p.i. (Figure 3.4C). Similar results were also observed when measuring 

maximum pixel intensity of APC, with a significant increase in APC intensity at 26 

hours p.i. (Figure 3.4D).  

 

 

 

 

 

 

 

 

 

 

 

The novel aspect of this technique was the ability to have high-resolution images of 

individual infected cells, to understand how percentage infection and max pixel 

intensity correlates to the number of F. tularensis within the cells. Representative 

images of infected cells (Figure 3.5) at 2 and 6 hours p.i. confirmed that there was 

Figure 3.4 | ImageStream analysis of F. tularensis LVS-infected MH-S cells. MH-S cells 
were incubated with F. tularensis LVS MOI 66 and analysed by ImageStream at 2, 6 and 26 
hours p.i. A) Samples were pre-gated on single, in focus cells B) Infected MH-S cells were 
analysed at 2, 6 and 26 hours p.i. (C & D) Quantitative data presented as (C) percentage of 
LVS-infected cells and (D) max pixel intensity of APC-F. tularensis LVS at 2, 6 and 26 hours 
p.i. Data represents on experiment and is shown as mean ± SD (n=3). Statistical analysis was 
performed using a one-way ANOVA (n=3) (**p<0.01). 
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no net growth during this time as the number of bacteria remained at ~2-4 per cell. 

In contrast, there was a large congregation of F. tularensis LVS within the cell at 26 

hours p.i., but unfortunately it was difficult to determine exact numbers of bacteria 

within the cell. Furthermore, the percentage of infected cells seen previously  

(Figure 3.4C) was supported by observations that the majority of cells imaged 

showed no infection (data not shown). For this reason, percentage of infected cells 

by flow cytometry and CFU was used as a measurement of bacterial burden in 

future F. tularensis LVS infections. 

 

 

 

 

 

 

 

           

 

 

 

3.2.4  CD200R mRNA expression is significantly upregulated during  
F. tularensis LVS infection 

After setting up assays to detect F. tularensis infection in vitro, the aim was to better 

understand how F. tularensis LVS is able to subvert the immune response early in 

infection. To this end, the effect of F. tularensis LVS infection on pulmonary immune 

regulators was investigated in vitro using MH-S cells. RNA was extracted from  

F. tularensis LVS-infected MH-S cells at 2, 6, 10, 14, 20 and 26 hours p.i., and gene 

expression for a number of potential immune regulatory molecules known to control 

alveolar macrophage responses (Figure 1.3) quantified by Real-Time (RT) PCR and 

normalised to uninfected controls. There was a gradual increase in the expression 

of cd200r during the course of infection, reaching significance over all other time 

Figure 3.5 | Visualising internalised F. tularensis LVS in MH-S cells by ImageStream. 
Representative images of one experiment taken by ImageStream of F. tularensis LVS-infected 
MH-S cells at 2, 6 and 26 hours p.i. Channels shown from left to right are brightfield, CD45, 
F. tularensis LVS and a merge of CD45/LVS. Scale bar = 10 µm.  
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points at 20 hours p.i. with a ~7-fold increase in expression (Figure 3.6A). Although 

not as striking, there was also a significant ~3-fold upregulation of sirpα at 20 hours 

p.i. (Figure 3.6B). On the contrary, no significant change in mRNA expression of 

trem2 or cd206 throughout the course of infection was observed (Figure 3.6C & D). 

These data suggest that CD200R in particular could play an important role during  

F. tularensis LVS infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.5  The CD200R pathway is protective during in vitro F. tularensis 
LVS infection 

Binding of CD200 to CD200R induces phosphorylation of downstream targets that 

ultimately leads to the inhibition of pro-inflammatory signalling (Zhang et al., 2004). 

Thus, using the CD200R-activating immunoadhesin CD200-Fc (Gorczynski et al., 

2001b, Gorczynski et al., 2002, Lyons et al., 2012, Gorczynski et al., 1999), would 

allow for the investigation of the role of CD200R signalling during F. tularensis LVS 

infection.  

Figure 3.6 | F. tularensis LVS infection upregulates CD200R mRNA expression in MH-S 
cells. Quantitative real-time PCR of A) cd200r, B) sirpα, C) trem2 and D) cd206 mRNA 
expression in MH-S cells following F. tularensis LVS infection at 2, 6, 10, 14, 20 and 26 
hours p.i. Results are presented as fold change in relation to uninfected MH-S cells after 
normalizing to β-actin mRNA levels. Data represents three independent experiments and 
data is shown as mean ± SD (n=9, 3/group). Statistical analysis was performed using two-
way ANOVA (*p<0.05, **p<0.01). 
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MH-S cells were treated with CD200-Fc, or human IgG (hIgG) as a control, prior to 

and during F. tularensis LVS infection for 26 hours. Cells were taken at 2, 6 and 26 

hours p.i. and analysed by flow cytometry (Figure 3.7A). There were no significant 

differences in percentage of infected cells (Figure 3.7B) or bacterial burden (Figure 

3.7C) at 2 and 6 hours p.i. between cells treated with hIgG and CD200-Fc. 

However, there was a significant reduction in percentage of infected cells and the 

overall bacterial burden at 26 hours p.i. in cells treated with CD200-Fc compared to 

hIgG control treated (Figure 3.7B & C). These results indicated that activation of the 

CD200R pathway can decrease infection of MH-S cells by F. tularensis LVS. Thus, 

instead of CD200R signalling promoting immune evasion as hypothesised initially, it 

appears that this pathway may play a protective role during infection.   

Figure 3.7 | Activating CD200R reduces F. tularensis LVS burden in MH-S cells. MH-S 
cells were treated with 10 ng CD200-Fc or hIgG and incubated with an average F. tularensis 
LVS MOI 74 and analysed at 2, 6 and 26 hours p.i. A) Representative dot plots showing 
percentage of infected MH-S cells at 2, 6 and 26 hours p.i. following CD200-Fc or hIgG 
treatment. B) The percentage of LVS infected CD200-Fc- and hIgG-treated MH-S cells was 
calculated at 2, 6 and 26 hours p.i. C) Total bacterial burden was enumerated by counting 
CFU and presented as CFU/ml. Data represents two independent experiments and data is 
shown as mean ± SD (n=6, 3/group). Statistical analysis was performed using two-way 
ANOVA (*p<0.05). 
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To further explore the potential protective role for CD200R signalling during  

F. tularensis LVS infection, bone marrow-derived macrophages (BMDM) from wild 

type (WT) and CD200R-/- mice were cultured and infected with F. tularensis LVS. 

Upon characterising the BMDM for phenotypic markers by flow cytometry, it was 

noted that WT and CD200R-/--derived BMDM had very low expression of MHC-II 

and high expression of CD11c and CD11b (Figure 3.8). Interestingly, while WT 

BMDM mostly expressed low levels of Gr-1, there were two distinct populations of 

CD200R-/- BMDM that had differing Gr-1 expression. One population was similar to 

WT BMDM with low Gr-1 expression, while the other had high expression of Gr-1. 

As expected CD200R-/- BMDM had no expression of CD200R, while the WT BMDM 

showed high expression (Figure 3.8). These results confirm that BMDM from 

CD200R-/- mice did indeed lack CD200R, while secondly supporting a successful 

culture of BMDM. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.8 | Phenotypic characterisation of WT and CD200R-/--derived BMDM. Primary 
BMDM were cultured for 7 days from WT and CD200R-/- mice as described in Methods 2.2.2 
and characterized by flow cytometry. Representative histograms show expression of MHC-II, 
CD11c, CD11b, Gr-1 and CD200R in WT (blue) and CD200R-/- (red) derived BMDM. 
Expression with fluorescence minus-one (FMO) control (black) is also presented. 
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After characterising the BMDM, their response to F. tularensis infection was 

determined. WT and CD200R-/--derived BMDM were infected with F. tularensis LVS 

for 2, 6 or 26 hours and bacterial burden determined via bacteriology or flow 

cytometry (Figure 3.9A). As seen previously with MH-S cells, no significant 

differences were observed in percentage infection or bacterial burden early during 

infection at 2 and 6 hours p.i. (Figure 3.9B & C respectively). However, at 26 hours 

p.i. there was a significant increase in F. tularensis-infected CD200R-/- BMDM 

compared to WT (Figure 3.9B), as well as a significantly enhanced bacterial burden 

when compared to WT BMDM (Figure 3.9C). These findings indicate that that lack 

of CD200R exacerbates F. tularensis LVS infection in vitro. 

Figure 3.9 | Increased F. tularensis LVS burden in CD200R-/--derived BMDM. Primary 
BMDM from WT and CD200R-/- mice were incubated with an average F. tularensis LVS MOI 
71 and analysed at 2, 6 and 26 hours p.i. A) Representative dot plots showing levels of  
F. tularensis LVS infection WT and CD200R-/- BMDM at 2, 6 and 26 hours p.i. B) The 
percentage of LVS infected WT and CD200R-/- BMDM was calculated at 2, 6 and 26 hours 
p.i. C) Total bacterial burden was enumerated by counting CFU and presented as CFU/ml. 
Data is representative of two experiments and is shown as mean ± SD (n=3/group). 
Statistical analysis was performed using two-way ANOVA (***p<0.001). 

 



95 

 

It was next determined whether activating the CD200R pathway in WT BMDM with 

CD200-Fc could protect against F. tularensis LVS-infection as seen in MH-S cells 

(Figure 3.7). WT-derived BMDM were treated with CD200-Fc recombinant protein or 

hIgG control prior to, as well as during, F. tularensis LVS infection for 26 hours. 

Interestingly, unlike with MH-S cells, there was no significant difference in 

percentage infection or overall bacterial burden throughout the course of the 

infection upon CD200-Fc treatment (Figure 3.10A & B respectively). These data 

suggest that there may be some differences between CD200R signalling in MH-S 

cells and BMDM. 

 

 

 

 

 

 

 

 

 

 

3.2.6  Determining the bacterial burden in WT and CD200R-/- mice 
during early pulmonary F. tularensis LVS infection in vivo 

With in vitro findings showing that CD200R may play a protective role during  

F. tularensis LVS infection, it was investigated whether this would also be the case 

during a lethal pulmonary infection in vivo. 8-12-week old WT and CD200R-/- mice 

were intranasally infected with a lethal F. tularensis LVS dose of 1000 CFU, and 

their weight was monitored before sacrificing the mice 4, 24, 48 and 72 hours p.i. 

There was no percentage weight change in any of the mice during the course of the 

72 hour F. tularensis LVS infection (Figure 3.11A). Therefore, the bacterial burden 

(CFU/g of tissue) of the lung, liver and spleen of infected mice was determined to 

understand how this correlated with weight loss (Figure 3.11B). Firstly, there was a 

Figure 3.10 | Activation of CD200R on BMDM does not alter F. tularensis LVS burden. 
Primary BMDM from WT mice were treated with 10 ng CD200-Fc or hIgG, incubated with  
F. tularensis LVS MOI 81 and analysed at 2, 6 and 26 hours p.i. Level of LVS infection was 
determined by A) flow cytometry as percentage of infected cells and B) total bacterial burden 
(CFU/ml) enumerated by counting CFU. Data represents one experiment and is shown as 
mean ± SD (n=3). Statistical analysis was performed using two-way ANOVA. 
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rapid, exponential increase in bacterial replication in the lung up to 72 hours p.i. 

Despite high bacterial burdens in the lung already by 24 hours p.i., dissemination of 

the bacteria to the peripheral organs of the liver and spleen did not appear to take 

place until 48 hours p.i. At this point there was extensive bacterial burden was 

observed in the peripheral organs up to 72 hours p.i. Nevertheless, there was no 

significant difference in LVS burden in the lung, liver or spleen between WT and 

CD200R-/- mice at these early timepoints (Figure 3.11B).  

These data suggested that CD200R may not play a direct role in controlling the 

early response to F. tularensis LVS infection in vivo. However, it was important to 

further investigate the potential differences in lung cell population dynamics of WT 

and CD200R-/- mice that were responding to F. tularensis LVS infection.                

Figure 3.11 | No differences in early F. tularensis LVS burden in WT and CD200R-/- 
mice. WT and CD200R-/- C57BL/6 mice were infected intranasally with F. tularensis LVS 
CFU 600 and culled at 4, 24, 48 and 72 hours p.i. A) Mouse weights were monitored daily 
and data shows weight change plotted as percentage weight loss. B) Bacterial burdens 
(CFU/g) in the lung, liver and spleen of WT and CD200R-/- mice were enumerated at 4, 24, 
48 and 72 hours p.i. Data is from one experiment and is shown as mean ± SD (n=3-4). 
Statistical analysis was performed using two-way ANOVA. 
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3.2.7  Characterising the early response to F. tularensis LVS infection                                      
……………….in the lung 

As previously discussed, pulmonary F. tularensis infection is characterised by 

increased virulence and a dampened immune response. In order to understand the 

phenotypic changes of cell populations within the lung during this period of  

F. tularensis LVS infection, a gating strategy was developed to detect cells types of 

interest. The primary cell types of interest were those that had previously been 

shown to be involved in responding to pulmonary F. tularensis infection and that 

express CD200R, such as lung macrophages and neutrophils (Hall et al., 2008). 

Lung cells were isolated following bronchoalveolar lavage (BAL) and analysed by 

flow cytometry, and initially gated on single, live, CD45+ lymphocytes (Figure 

3.12A). At this point CD11b+ Ly6G+ neutrophils were gated out, and then CD64 and 

Siglec-F were used to distinguish between alveolar macrophages (CD64+  

Siglec-F+), lung macrophages (CD64+ Siglec-F-) and eosinophils (CD64- Siglec-F+). 

Lung macrophages could then be further divided by their expression of CD11b and 

CD11c into interstitial macrophages (CD11b+ CD11c+) and inflammatory 

monocytes/macrophages (CD11b+ CD11c- Ly6C+). CD4+ and CD8+ T cell 

populations previously gated as CD64- Siglec-F- TCRβ+, as well as lung dendritic 

cells (CD64- Siglec-F- MHC-II+). The dendritic cells (DCs) were further divided into 

CD11b- CD11c+ DCs and CD11b+ CD11c+ DCs (Figure 3.12A). 

The surface expression of CD200R on various cells was determined (Figure 3.12B). 

As expected, there was reduced CD200R expression on any cell type in the 

CD200R-/- mice compared to WT. There was high CD200R expression on WT 

alveolar macrophages and robust expression on neutrophils, with reduced 

expression on interstitial macrophages (Figure 3.12B). 

Following the development of an adequate flow cytometry gating strategy, the shifts 

in cell populations and the infected cell types through the course of F. tularensis 

LVS infection in WT and CD200R-/- mice could be monitored. Interestingly, the 

alveolar macrophage population was significantly reduced in CD200R-/- mice 

compared to WT at 48 hours p.i., with the WT population being reduced to similar 

levels by 72 hours p.i. (Figure 3.13A). It was observed that the percentage of  

F. tularensis LVS-infected alveolar macrophages remained low up to 24 hours p.i. 

From 48 hours p.i. there was an increase in the percentage of infected cells, with 

significantly more infected alveolar macrophages present in CD200R-/- mice at  
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48 and 72 hours p.i compared to WT (Figure 3.13A). These data could point 

towards an F. tularensis LVS-induced depletion of alveolar macrophages, occurring 

earlier in CD200R-/- mice due to increased infection in alveolar macrophages 

compared to WT. Nevertheless, the reduction in alveolar macrophage populations 

at 72 hours p.i. suggested that these cells were contributing little to the bacterial 

burden seen in the lung.  

As it seemed unlikely alveolar macrophages were contributing significantly to the 

bacterial burden in the lung, other cell types were investigated. These included 

interstitial macrophages, Ly6C+ monocytes/macrophages and neutrophils (Figure 

3.13B, C & D respectively), all of which shared very similar kinetics during  

F. tularensis LVS infection both in terms of proportion of CD45+ cells and 

percentage of F. tularensis LVS-infected cells. Very little change in the proportion of 

CD45+ cells was observed from WT mice for all three cell types from 0 to 48 hours 

Figure 3.12 | Gating strategy for lung cell populations. Bronchoalveolar lavage was 
performed prior to lung digestion and lungs were processed to give a single cell suspension 
before staining for flow cytometry. A) Samples were initially gated on single, live CD45+ 
lymphocytes. CD11b+ Ly6G+ neutrophils were gated out and CD64 and Siglec-F was used to 
distinguish between alveolar macrophages, eosinophils and lung macrophages. Lung 
macrophages were further split into interstitial macrophages (CD11b+ CD11c+) and 
inflammatory monocytes/macrophages (CD11b+ CD11c- Ly6C+). The CD64- Siglec-F- 
population was subdivided to look at CD4+ and CD8+ T cell populations (TCRβ+), as well as 
lung dendritic cells (CD64- Siglec-F- MHC-II+). Dendritic cells were further divided by 
expression of CD11b and CD11c. B) Representative (n=4) histograms of CD200R 
expression in alveolar macrophages, neutrophils and interstitial macrophages from WT 
(blue) and CD200R-/- (red) mice. 
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p.i., followed by a large increase in cells at 72 hours p.i. (Figure 3.13B-D). 

Interestingly however, there was a significantly higher proportion of Ly6C+ 

monocytes/macrophages and neutrophils in CD200R-/- mice compared to WT at 72 

hours p.i. (Figure 3.13C & D respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 | Characterising lung cell populations during early stage F. tularensis LVS 
infection in WT and CD200R-/- mice. WT and CD200R-/- C57BL/6 mice were infected 
intranasally with F. tularensis LVS CFU 600 and culled at 4, 24, 48 and 72 hours p.i. 
Uninfected and infected lungs were analysed by flow cytometry as described in figure 3.13. 
Data is presented as percentage of live, CD45+ cells and percentage of infected cells for  
A) alveolar macrophages, B) interstitial macrophages, C) Ly6C+ monocyte/macrophages and 
D) neutrophils. Representative dot plots of infection level at 72 hours p.i. with F. tularensis 
LVS measured with IgG2a isotype control or anti-F. tularensis LVS antibody for E) alveolar 
macrophages, F) interstitial macrophages, G) Ly6C+ monocyte/macrophages and  
H) neutrophils. Data represents one experiment and is shown as mean ± SD (n=3-4). 
Statistical analysis was performed using two-way ANOVA (**p<0.01, ***p<0.001). 
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Similarly, there was little change in the percentage of F. tularensis LVS-infected 

interstitial macrophages and Ly6C+ monocytes/macrophages up to 48 hours p.i. 

(Figure 3.13B & C respectively). It was not until 72 hours p.i. an increase in 

percentage infection was observed, however there were no significant differences 

between WT and CD200R-/- mice. Neutrophils showed a similar infection pattern; 

however they became infected at 48 hours p.i., increasing to even higher 

percentage of infected cells at 72 hours p.i. (Figure 3.13D). Representative flow 

cytometry dot plots demonstrate the level of F. tularensis LVS infection in alveolar 

macrophages, interstitial macrophages, Ly6C+ monocytes/macrophages and 

neutrophils (Figure 3.13E-H respectively). This showed the sensitivity of the APC  

anti-F. tularensis LVS antibody in vivo compared to the IgG2a isotype antibody.  

Together these data suggest that there is an influx of inflammatory cells, such as 

neutrophils and Ly6C+ monocytes/macrophages, in response to F. tularensis LVS 

infection. Yet this is subsequently accompanied by an increase in F. tularensis LVS 

infection in the cells that are recruited to deal with the infection. 

3.2.8  Characterising the early response to F. tularensis LVS infection 
in BAL fluid 

This thesis focuses on F. tularensis LVS infection via the intranasal route; so much 

of the initial bacteria will reside in the airways before entering lung tissue. Therefore, 

it was important to understand if there were differences in the cell populations and 

infection rates in the BAL fluid of WT and CD200R-/- mice.  

Cells were isolated from BAL fluid of uninfected mice and LVS-infected mice at  

4, 24, 48 and 72 hours p.i. and analysed by flow cytometry. The gating strategy 

used started similar to the lung by gating on single, live, CD45+ lymphocytes. 

However, following this less markers were needed due to the reduced diversity of 

cell populations in the BAL fluid. Alveolar macrophages (Ly6G- TCRβ- CD11b- 

CD11c+) were the dominant population, but CD11b+ CD11c+ (Ly6G- TCRβ-) cells 

and neutrophils (Ly6G+) were also present (Figure 3.14A & B). 

As expected, alveolar macrophages were the main cell type in the BAL fluid of 

uninfected mice and during F. tularensis LVS infection (Figure 3.14C). There was a 

slight decrease in the proportion of alveolar macrophages at 72 hours p.i., however 

there was no difference between WT and CD200R-/- mice. Similarly, although the 

percentage of infected alveolar macrophages increased during infection, there were 

no significant differences between WT and CD200R-/- mice (Figure 3.14C). 
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It was also of interest to monitor less common cell types in the BAL fluid and to see 

how the population dynamics shifted during the F. tularensis LVS infection.  

The CD11b+ CD11c+ population remained constant throughout the course of 

infection in WT and CD200R-/- mice; however there was a large increase in the 

percentage of infected cells at 72 hours p.i. (Figure 3.14D). The population kinetics 

of neutrophils were very similar to those seen in the lung (Figure 3.14E). In the BAL 

fluid there was a small influx of neutrophils at 48 hours p.i., with this increasing 

further at 72 hours p.i. (Figure 3.14E). Similarities could also be seen in the 

Figure 3.14 | Characterising BAL fluid cell populations during early stage  
F. tularensis LVS infection in WT and CD200R-/- mice. WT and CD200R-/- C57BL/6 mice 
were infected intranasally with F. tularensis LVS CFU 600 and a bronchoalveolar lavage 
(BAL) was performed prior to culling at 4, 24, 48 and 72 hours p.i. Cells were isolated from 
BAL fluid and stained for flow cytometry. Uninfected (A) and day 3 F. tularensis infected (B) 
Samples were gated on single, live CD45+ lymphocytes. Neutrophils (Ly6G+) and T cells 
(TCRβ+) were gated out, with the double negative population divided further. CD11b and 
CD11c were used to distinguish alveolar macrophages (CD11c+ CD11b-) from CD11c+ 

CD11b+ cells. Data is presented as percentage of live, CD45+ cells and percentage of 
infected cells for C) alveolar macrophages, D) CD11c+ CD11b+ cells and E) neutrophils. Data 
represents one experiment and is shown as mean ± SD (n=1-4). Statistical analysis was 
performed using two-way ANOVA. 
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percentage of infected cells, with some infected neutrophils noticeable at 48 hours 

p.i. and increasing significantly by 72 hours p.i. However, there was no difference in 

cell proportions or percentage of infected cells between WT and CD200R-/- mice 

(Figure 3.14E).  

These data suggest that, as with the lung, an increasing F. tularensis LVS burden is 

accompanied by the influx of inflammatory cells such as neutrophils, which in turn 

reduces the proportion of alveolar macrophages within the airway. Nevertheless, 

there were no significant differences between the BAL fluid from WT and CD200R-/- 

mice, Due to this, it was decided to not separate BAL and lung tissue in future 

experiments in order to get a better picture of the lung environment as a whole 

during F. tularensis LVS infection. 

 
3.3  Discussion 

3.3.1  Developing a reliable in vitro model of F. tularensis infection 

3.3.1.1  Appropriate cell types 

As the aim in this thesis was to investigate pulmonary F. tularensis infection, an 

appropriate in vitro model was required to understand whether F. tularensis was 

able manipulate negative immune regulators. To this end, MH-S cells, an 

immortalised murine alveolar macrophage cell line, were used as an in vitro model 

for early pulmonary F. tularensis infection. Although, MH-S cells have been shown 

to be an effective in vitro model for other intracellular pathogens (Melo and Stokes, 

2000, Matsunaga et al., 2001), it must be noted that MH-S cells lack some features 

of alveolar macrophages. MH-S cells do not express Siglec-F and CD116, both 

present on WT alveolar macrophages. Furthermore, they do not support mouse 

pneumovirus replication, which is a feature seen in wild-type alveolar macrophages, 

(Brenner et al., 2016). Nevertheless, even the use of primary alveolar macrophages 

in vitro would have disadvantages. Firstly, upon adherence to tissue culture 

surfaces alveolar macrophages exhibit increased activation and a more 

inflammatory phenotype, which is not indicative of an alveolar macrophage at 

steady-state in the airway (Standiford et al., 1991, Bang et al., 2011, Tomlinson et 

al., 2012). Secondly, obtaining equivalent numbers of alveolar macrophages via 

murine BAL as were required for in vitro experiments poses ethical and technical 

issues due to increased mouse numbers.  
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Similarly, when looking at the consequences of lack of CD200R on macrophages 

during F. tularensis infection, BMDM were chosen instead of primary alveolar 

macrophages. F. tularensis efficiently replicates within BMDM, with BMDMs 

behaving similarly to MH-S cells in some aspects of responses to F. tularensis 

infection (Griffin et al., 2013, Shakerley et al., 2016). BMDM cultured from WT and 

CD200R-/- mice expressed characteristic markers also determined by others such 

as CD11c and CD11b, as well as low MHC-II expression (Wang et al., 2013, Na et 

al., 2016). Interestingly, BMDM from CD200R-/- mice were not a homogenous 

population with two distinct groups of Gr-1+ and Gr-1-, as opposed to WT BMDM 

that all had low Gr-1 expression. Differentiated BMDM express Gr-1 (Wang et al., 

2013), however it has been suggested that Gr-1 expression is lost as monocytes 

differentiate into mature macrophages (Francke et al., 2011). Regardless, there was 

no difference in the percentage of F. tularensis LVS-infected BMDM between the 

Gr-1+ and Gr-1- population from CD200R-/- (data not shown), suggesting that this 

heterogeneity within the cultured BMDM did not affect the overall results seen 

during experiments.      

3.3.1.2  Infectious dose and measuring F. tularensis infection 

A recurring challenge during this thesis was maintaining a consistent infectious dose 

between experiments, both in vitro and in vivo. MOI 100 was used for all in vitro 

experiments; however variation in actual challenge dose used to infect cells was 

often encountered. This was due to the initial process of obtaining a challenge dose 

through making an F. tularensis LVS suspension of OD600nm 0.20, before further 

diluting to the appropriate bacterial concentration. This method left some margin for 

error, from the accuracy of the spectrophotometer to the number of dilutions.  

It is true that in working with bacteria a log scale is often used; therefore small 

variations within the same log scale (i.e. 102 or 103) may not have a critical influence 

on the overall outcome of the experiment. Nevertheless, to allow for more reliable 

comparisons between experiments, a more accurate method of determining 

challenge dose before the start of the experiment would be advantageous.  

The variability in infectious dose may also have been a factor in the lower 

percentage of infected cells in earlier experiments. However, changing from the 

anti-F. tularensis LVS-FITC to the anti-F. tularensis LVS-APC antibody for bacterial 

detection by flow cytometry provided a significant increase in the sensitivity of 

detection. Regardless, it was interesting to see that even with a high F. tularensis 

LVS MOI of 100, only approximately 5-20% of cells uptake the bacterium in vitro 
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and become infected. This low percentage of infected cells is characteristic of  

F. tularensis infections in vitro (D'Elia et al., 2011b), and may be a method of 

avoiding immune detection early during infection by reducing the number of cells 

available to elicit an inflammatory response. Furthermore, it was shown by 

ImageStream that of the cells that become infected, up to 4 bacteria are taken up by 

MH-S cells, followed by large net growth from 6 to 26 hours p.i. that rendered 

counting individual bacterium difficult (Figure 3.5). These data suggest that as well 

as a low percentage of infected cells, those infected cells also uptake a low number 

of bacterium considering the high infectious dose. 

3.3.2  A protective role for CD200R against F. tularensis LVS 

In this chapter it was hypothesised that a reduction in negative immune regulatory 

signalling would allow for a faster immune response against F. tularensis and 

decrease susceptibility to infection. It was shown that CD200R expression is 

significantly upregulated in the alveolar macrophage cell line MH-S cells during  

F. tularensis infection (Figure 3.6). Similarly, other intracellular pathogens, such as 

T. gondii and L. amazonensis, upregulate components of the CD200R pathway on 

host macrophages to promote virulence (Deckert et al., 2006, Cortez et al., 2011). 

Therefore, it was surprising to find that upon activation of CD200R signalling with 

CD200-Fc, a significant reduction in F. tularensis bacterial burden was observed 

(Figure 3.7). These results were further supported by data showing that bacterial 

burden was significantly increased in CD200R-/- BMDM when compared to WT 

(Figure 3.9). Together these data suggested that, opposed to the original 

hypothesis, CD200R function actually conveyed protection against F. tularensis 

infection in vitro.  

The significant differences seen in CD200-Fc-treated MH-S cells and CD200R-/- 

BMDM were at 26 hours p.i. in both experiments, with no differences seen up to  

6 hours p.i. Having previously shown that net bacterial growth occurs exponentially 

from 6 to 26 hours p.i., these data suggest that CD200R is unlikely to be functioning 

in the uptake of F. tularensis infection and more likely involved in controlling 

bacterial replication within the cell. However, it must also be considered that  

F. tularensis has a lag phase to allow preparations for exponential growth as seen in 

Salmonella enterica {Rolfe, 2012 #1392}. This could explain the initial delay in net 

bacterial growth, however it could also be the case that CD200R acts on this phase 

of growth to ultimately influence rate of exponential growth.  
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Interestingly, there was no difference in the F. tularensis burden in WT BMDM 

following treatment with CD200-Fc as observed in MH-S cells (Figure 3.10). One 

reason for the different response to CD200-Fc treatment could be due to the 

different genetic origins of the two cell types. MH-S cells are an immortalised 

alveolar macrophage cell line from BALB/c mice (Mbawuike and Herscowitz, 1989), 

whereas the BMDM used were derived from C57BL/6 mice. There is evidence of 

varying susceptibility to F. tularensis infection in different inbred mouse strains, with 

C57BL/6 mice showing increased susceptibility to aerosol challenge compared to 

BALB/c mice following immunisation with F. tularensis LVS (Chen et al., 2003), yet 

showing increased resistance when compared to A/J mice (Fink et al., 2016). 

Thus, the effect of activating CD200R could be different between and C57BL/6 and 

BALB/c mice. It would therefore be interesting to investigate whether similar results 

were obtained from BALB/c-derived BMDM. Similarly, due to the increased 

susceptibility of both BALB/c and C57BL/6 mice to intracellular bacteria due to a 

non-functional Nramp {Powell, 2017 #1349}, investigating F. tularensis infection in 

macrophages derived from other mouse strains with functional Nramp such as 

DBA/2 may provide differing outcomes. Nevertheless, as there was a significantly 

increased F. tularensis burden in CD200R-/- BMDM compared to WT in our infection 

model, this suggested that CD200R still played an important role during  

F. tularensis. 

3.3.3  Early changes in vivo during pulmonary F. tularensis infection  

3.3.3.1  No clear role for CD200R during early F. tularensis infection 

After finding a protective role for CD200R in vitro, it was hypothesised that this 

would also be the case in vivo.  Due to a particular interest in determining whether 

CD200R on alveolar macrophages played a role in protection against pulmonary  

F. tularensis infection, the earlier stage of infection was investigated as this is where 

any differences were predicted to be seen.  

Initially it was noted that despite rapid bacterial replication within the lung, as well as 

dissemination to the liver and spleen by 48-72 hours p.i., no weight loss in mice was 

observed (Figure 3.11A). It has been shown that F. tularensis is characterised by a 

lack of inflammatory immune response during early infection (Lopez et al., 2004, 

Duckett et al., 2005, Malik et al., 2006), thus the onset of weight loss may correlate 

to the start of the host inflammatory response, something explored further in 

Chapter 4.  
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There were no significant differences in F. tularensis burden during the 72 hours p.i. 

between WT and CD200R-/- mice (Figure 3.11B), suggesting that CD200R may not 

be important in controlling F. tularensis infection during the early stages of infection. 

Nevertheless, when looking more specifically at cell populations within the lung 

(Figure 3.13), it was evident that CD200R-/- mice had altered responses to  

F. tularensis that could potentially lead to differences in infectious outcome 

compared to WT. Lack of CD200R led to a significant increase in inflammatory cells 

such as neutrophils and Ly6Chi monocyte/macrophages in the lung, with these 

populations becoming the most prominent in the lung at 72 hours p.i. Nevertheless, 

the limitations of looking at cell proportions as a percentage of CD45+ cells, as 

oppose to total cell numbers, must be considered. The significant reduction in 

alveolar macrophage populations at 72 hours p.i. may solely be due to large influx 

of other cell types, thus using total cell numbers would provide a greater insight into 

cell dynamic during infection. 

Although there was an increase in infected CD200R-/- alveolar macrophages over 

WT as seen in previous in vitro experiments, this was only following the loss of a 

large proportion of alveolar macrophages, perhaps due to increased LVS-induced 

cell death. Thus, unless alveolar macrophages populations are able to replenish 

during infection, any differences seen in CD200R-/- mice during later F. tularensis 

infection are unlikely to be directly due to alveolar macrophage.   

3.3.3.2  Distinguishing between BAL and lung tissue 

In this chapter BAL cells were isolated from lung tissue in order to better investigate 

alveolar macrophage function within the context of CD200R and F. tularensis 

infection. Consistent with the literature, the majority of cell types within the BAL  

fluid were alveolar macrophages (Snelgrove et al., 2011). However, alveolar 

macrophages were also present in the lung tissue suggesting that the BAL protocol 

was not effective in removing all the cells from the airway. Furthermore, unlike with 

the whole lung tissue, there were no significant differences between cell populations 

and infection percentage in the BAL of WT and CD200R-/- mice; albeit the sample 

size for sections of this experiment was low. Nevertheless, similar patterns were 

observed between BAL and lung tissue in the reduction in alveolar macrophage 

populations at 72 hours p.i., most likely due to cell death and the recruitment of 

inflammatory cells, particularly neutrophils into the airways. The lack of differences 

between BAL and lung tissue, as well as the minimal contribution of alveolar 

macrophages during the later stages of F. tularensis infection, led to the decision to 
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not distinguish between the two in future experiments conducted in Chapter 4 and 5. 

 
3.4  Conclusion 

Chapter 3 demonstrated that CD200R plays a protective role during F. tularensis 

infection in vitro, but does not directly influence infectious outcome during early 

pulmonary infection in vivo. Nevertheless, investigation into the cell populations in 

the lung during early F. tularensis infection suggests that the significant increase in 

recruitment of inflammatory cells in CD200R-/- mice compared to WT may lead to 

differences in infectious outcome later in infection, something explored in more 

depth in Chapter 4 and 5.      
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Chapter 4 

 

The role of CD200R in vivo during Francisella tularensis LVS 
infection 
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4.1   Introduction  

In Chapter 3, the protective role of the CD200R pathway against F. tularensis LVS 

in vitro was explored. Following this, the early stages of F. tularensis LVS infection 

in WT and CD200R-/- mice in vivo was investigated to determine whether CD200R 

was involved in the early immune suppression characteristic of F. tularensis LVS 

infection. Despite seeing no differences in overall bacterial burden (Figure 3.11B), 

further investigation of cell populations in the lung showed an influx of inflammatory 

cells in CD200R-/- mice compared to WT at 72 hours p.i. Figure 3.13C & D). For this 

reason, Chapter 4 aimed to identify whether these cellular differences in CD200R-/- 

mice would lead to altered infectious outcomes to F. tularensis LVS in the latter 

stages of infection. Based on results in chapter 3, it was hypothesised that CD200R-

/- mice would show an enhanced F. tularensis burden in the later stages of infection 

when compared to WT following an intranasal challenge.   

Furthermore, in Chapter 3 it was demonstrated that activation of CD200R in vitro 

through treatment with CD200-Fc led to significantly decreased F. tularensis LVS 

burden (Figure 3.7). Thus, in Chapter 4 the potential use of CD200-Fc as a 

treatment for F. tularensis infection in vivo was investigated. CD200-Fc treatment 

alleviates pathogen-induced inflammation in influenza and ocular HSV infection 

models (Snelgrove et al., 2008, Sarangi et al., 2009); as well as reducing 

inflammation in autoimmune disorders, such as collagen-induced arthritis and 

transplantation, potentially driving a more tolerogenic environment (Gorczynski et 

al., 1999, Simelyte et al., 2008). Building from findings in Chapter 3, it was 

hypothesised that inducing CD200R signalling via treatment with CD200-Fc could 

ameliorate F. tularensis LVS disease.    
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4.2  Results 

4.2.1  Exacerbated pulmonary F. tularensis LVS burden in CD200R-/- 
mice 

In order to understand the latter stages of F. tularensis LVS infection in WT and 

CD200R-/- mice, the time scale of the infection was extended from experiments 

detailed in Chapter 3. WT and C200R-/- mice were challenged intranasally with an 

average lethal dose of 1275 CFU F. tularensis LVS and culled at day 1, 3, 5 and 7 

p.i. As previously observed when monitoring the weights of mice during F. tularensis 

LVS infection (Figure 3.12A), there was no weight loss within the first 3 days of 

infection (Figure 4.1A). However, from day 4 p.i. there was rapid weight loss until 

the endpoint of the study at day 7 p.i. Day 7 was chosen as the humane endpoint 

due to excessive weight loss and clinical scoring beyond this point. Interestingly, 

there was no significant difference in weight change between WT and CD200R-/- 

mice throughout the course of infection (Figure 4.1A). The level of splenomegaly 

was also measured over the course of F. tularensis LVS infection as a marker of 

disease severity (Chiavolini et al., 2008). There was a steady increase in 

splenomegaly throughout the course of infection, with a significant increase in 

spleen weight in CD200R-/- mice compared to WT at day 7 p.i. (Figure 4.1B).  

Thus, this latter result suggests that CD200R-/- mice may be more susceptible to 

infection later in infection.   

Bacterial burden were enumerated in the lung, liver and spleen of WT and  

CD200R-/- mice at day 1, 3, 5 and 7 p.i. to track the dynamics of F. tularensis LVS 

infection. In the lung, it was interesting to note that at day 3 p.i. mice had already 

reached peak bacterial burden despite not displaying any weight loss (Figure 4.1C).  

F. tularensis LVS burden in the lung remained high at day 5 p.i., yet there was no 

significant difference in burden between WT and CD200R-/- mice. However, at  

day 7 p.i. a significantly enhanced bacterial burden was observed in the lungs of 

CD200R-/- mice compared to WT (Figure 4.1C). These results suggest that lack of 

CD200R expression in the lung significantly exacerbates later stages of  

F. tularensis LVS infection.   

Monitoring the bacterial burden in peripheral organs such as liver and spleen 

confirmed that full bacterial dissemination from the lung occurs at day 3 p.i., with 

peak bacterial burden in the liver and spleen reached at day 5 p.i. (Figure 4.1D & E 

respectively). Interestingly, at this time point there was no difference in liver burden 
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between WT and CD200R-/- mice, however a significantly increased bacterial 

burden in CD200R-/- spleens was observed (Figure 4.1D & E respectively). This 

significant difference was not observed at day 7 p.i., with a levelling off of bacterial 

burdens seen in the peripheral organs.  

Overall these data propose that, as suggested from in vitro in Chapter 3, the 

CD200R pathway is also protective in vivo during F. tularensis LVS infection. Lack 

of CD200R causes an exacerbated bacterial burden in the lungs of CD200R-/- mice 

and enhanced splenomegaly in the later stages of infection, as well as showing 

increased bacterial burden in the spleen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2  Increased neutrophil influx and F. tularensis LVS-infected 
………………..neutrophils in lungs of CD200R-/- mice 

After showing an increased F. tularensis LVS burden in CD200R-/- mouse lungs, the 

cell dynamics in the lung during the course of infection was investigated. Cells were 

isolated from uninfected and F. tularensis LVS-infected lungs at day 1, 3, 5 and 7 

Figure 4.1 | Lack of CD200R results in an exacerbated pulmonary F. tularensis LVS 
burden. WT and CD200R-/- mice were infected intranasally with an average of 1275 CFU  
F. tularensis LVS and were culled at day 1, 3, 5 and 7 p.i. A) Mouse weights were monitored 
daily and are represented as percentage weight change. B) Splenomegaly was determined 
by presenting spleen weight as a percentage of starting body weight prior to infection. 
Bacterial burden (CFU/g) was enumerated at day 1, 3, 5 and 7 p.i. in the C) lung, D) liver 
and E) spleen of WT and CD200R-/- mice. Data represents two independent experiments 
and is shown as mean ± SD (n=6-8, 3-4/group). Statistical analysis was performed using 
two-way ANOVA (*p<0.05, **p<0.01). 
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p.i., stained for flow cytometry and gated as described previously (Figure 3.13A).  

It must also be noted that flow cytometry staining of cell populations remained 

stable throughout the course of infection (data not shown). 

Initially populations of interest were investigated as a percentage of live CD45+ cells 

to determine how these changed through the course of F. tularensis LVS infection.  

There were no differences between alveolar macrophage populations at day 5 and 

7 p.i. in WT and CD200R-/- mice (Figure 4.2A). Similarly, there were no significant 

differences in percentage of interstitial macrophages and Ly6C+ 

monocyte/macrophage populations between WT and CD200R-/- mice (Figure 4.2B & 

C respectively). However, these populations increased as F. tularensis infection 

progressed. Interestingly, there was a significant increase in neutrophil percentage 

in CD200R-/- mice compared to WT at day 5 and 7 p.i. (Figure 4.2D). With little 

differences between WT and CD200R-/- mice in other cell types through the course 

of infection, these data suggest that this enhanced influx of neutrophils may be a 

factor in the increased F. tularensis LVS burden seen in lungs of CD200R-/- mice.  

To understand how specific cell types contributed to overall bacterial burden, the 

percentage of F. tularensis LVS-infected cells within the lung were determined. 

There was an increase in percentage of infected alveolar macrophages at day 5 and 

7 p.i.; however there were no significant differences between WT and CD200R-/- 

mice (Figure 4.2E). In the same way, there was a gradual increase in  

infected interstitial macrophages and Ly6C+ monocyte/macrophages up to day  

5 p.i., before a slight decrease at day 7 p.i. (Figure 4.2F & G respectively).  

However, no significant differences between WT and CD200R-/- mice were seen. 

Consequently, it was investigated whether the increased influx of neutrophils in 

CD200R-/- was accompanied by an increase in F. tularensis LVS infection in 

neutrophils. F. tularensis LVS-infected neutrophils were present at day 3 p.i, with 

the highest neutrophil infection seen at day 5 p.i., before reduced percentage 

infection at day 7 p.i. (Figure 4.2H). Interestingly, there were significantly increased 

F. tularensis LVS-infected neutrophils at both day 5 and 7 p.i. in CD200R-/- mice 

(Figure 4.2H). An alternative gating strategy was used to determine the infected cell 

types at day 7 p.i. as a percentage of total CD45+ F. tularensis infected cells (Figure 

4.2I). It was noted that neutrophils were the most infected cell type, followed by 

interstitial macrophages. Other cell types such as alveolar macrophages and Ly6C+ 

monocyte/macrophages constituted only a small percentage of the total infected 

cells. 
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Overall these data indicate that neutrophils are playing a key role in exacerbating  

F. tularensis LVS infection in the lung of CD200R-/- mice. In the later stages of 

infection there was significantly enhanced neutrophilia in CD200R-/- mice, as well as 

a significant increase in F. tularensis LVS-infected neutrophils. As there were few 

differences in other cell types, the observed neutrophil phenotype seen in CD200R-/- 

may be directly contributing to the significantly exacerbated LVS burden seen in the 

lung. Thus, the functional significance of CD200R-/- neutrophils in exacerbated  

F. tularensis LVS infection was investigated further in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 | Increased neutrophilia and F. tularensis LVS-infected neutrophils in lungs 
of CD200R-/- mice at later timepoints post-infection. WT and CD200R-/- mice were 
infected intranasally with an average of 1275 CFU F. tularensis LVS and culled at day 1, 3, 5 
and 7 p.i. Cells were isolated from the lung, processed for flow cytometry and stained as 
described previously (Figure 3.13A). Data is presented as percentage of live, CD45+ cells for 
A) alveolar macrophages, B) interstitial macrophages, C) Ly6C+ monocyte/macrophages and 
D) neutrophils. The percentage of infected cell was determined for E) alveolar macrophages,  
F) interstitial macrophages, G) Ly6C+ monocyte/macrophages and H) neutrophils. I) Infected 
cell types at day 7 p.i. as a percentage of total infected CD45+ cells. Data is representative of 
two independent experiments and is shown as mean ± SD (n=3-4/group). Statistical analysis 
was performed using two-way ANOVA (**p<0.01, ***p<0.001). 
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4.2.3  Delayed and exacerbated pro-inflammatory cytokine response 
in CD200R-/- mice during F. tularensis LVS infection 

Next, it was important to determine whether the bacterial burden and alterations in 

lung cell populations correlated with the hosts cytokine response against  

F. tularensis LVS infection. Thus, the expression of various pro-inflammatory 

cytokines was determined from lung homogenate through the course of F. tularensis 

LVS infection in WT and CD200R-/- mice.  

No pro-inflammatory cytokines were detected within the first 3 days of F. tularensis 

LVS infection in either WT or CD200R-/- mice (Figure 4.3), as has been documented 

previously (D'Elia et al., 2013b) for WT mice. Increased levels of pro-inflammatory 

cytokines were observed at day 5 p.i., but there were no significant differences in 

the levels of IFNγ, TNFα and IL-17A between WT and CD200R-/- mice  

 (Figure 4.3A-C respectively). Interestingly, there was significantly less IL-6, IL-1β 

and KC production in lung homogenates of CD200R-/- at day 5 p.i. compared to WT 

mice (Figure 4.3D-F respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 | Delayed and exacerbated pro-inflammatory cytokine response in CD200R-/- 
mice during F. tularensis LVS infection. WT and CD200R-/- mice were infected 
intranasally with an average of 1275 CFU F. tularensis LVS and lung homogenate collected 
from uninfected mice and at day 1, 3, 5 and 7 p.i. Pro-inflammatory cytokines IFNγ, TNFα, 
IL-17A, IL-6, IL-1b and KC (A-F respectively) were detected in lung homogenate using the 
BioLegend LEGENDplex immunoassay. Data represents two independent experiments and 
is shown as mean ± SD (n=6-8, 3-4/group). Statistical analysis was performed using two-
way ANOVA (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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However, following this initial delayed response to F. tularensis LVS infection, the 

pro-inflammatory cytokine signature was enhanced later during infection in mice 

lacking CD200R expression, with IFNγ, TNFα, IL-17A, IL-6, IL-1β and KC 

production in the lung all significantly upregulated in CD200R-/- mice at day 7 p.i. 

(Figure 4.3A-F respectively). Thus, there appeared to be a delay in the initial  

pro-inflammatory cytokine response, followed by an exacerbated response in the 

absence of CD200R. This delayed response could be contributing to the increased 

bacterial burden seen in lungs of CD200R-/- mice, with the delayed cytokine 

response resulting in a delayed immune response to F. tularensis LVS infection. 

4.2.4   No gross changes in lung pathology following F. tularensis LVS 
……………….infection in WT and CD200R-/- mice 

Following findings of increased F. tularensis LVS burden and an exacerbated  

pro-inflammatory cytokine response in the lungs of CD200R-/- mice, it was examined 

how this affected the gross pathology of the lung of F. tularensis LVS-infected mice 

at day 7 p.i. Thus, histopathological analysis was carried out for uninfected and 

infected lungs from WT and CD200R-/- mice by inflating and fixing lung tissue with 

10% formalin, before processing and staining with hematoxylin and eosin (H&E) 

(Methods 2.7).  

As expected, uninfected lungs showed normal histology and there were no 

differences between WT and CD200R-/- mice (Figure 4.4A & B). On the contrary, at 

day 7 p.i. with F. tularensis LVS there were evident signs of inflammation in the 

lungs. There was thickening of the airway epithelium, mild collapse of the alveolar 

space and a large amount of peri-vascular and peri-bronchial mononuclear cell 

infiltration (black arrows, Figure 5.4C & D). Nevertheless, overall there were no 

gross differences in lung pathology between F. tularensis LVS-infected WT and 

CD200R-/- mice. 

To investigate the differences further, the level of inflammation and cellular 

infiltration in lung samples was quantified. The number of cells within the tissue 

were counted using ImageJ software to quantify the extent of cell infiltration. 

However, there was no significant difference in cell infiltrate between WT and 

CD200R-/- mice following F. tularensis LVS infection (Figure 4.4E). These data 

suggest that although there was an increased F. tularensis LVS burden and 

exacerbated pro-inflammatory cytokine response in CD200R-/- mice, subsequent 

effects on lung pathology are less evident.    
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Figure 4.4 | H&E-stained lung of WT and CD200R-/- mice following F. tularensis LVS 
infection. Lung tissue was taken from uninfected WT and CD200R-/- and at day 7 p.i. with  
F. tularensis LVS. H&E-stained lung sections were processed as described in methods 2.7. 
Representative images display bronchioles (b) and blood vessels (v) within the lung of 
uninfected (A & B) and LVS-infected (C & D) WT and CD200R-/- mice. Thickening of the 
airway epithelium, mild collapse of the alveolar space, peri-bronchial and peri-vascular 
mononuclear cell infiltration (black arrows, C & D). E) Quantitative analysis of cell infiltration 
using ImageJ. Cells were counted and normalised to total tissue area (tissue minus bronchial 
and vascular lumen). Images shown are at 20x magnification and scale bar represents  
50 µm. Data is representative of one experiment and is shown as mean ± SD  
(E, n=5, 4-10 images per group). Statistical analysis was performed using unpaired t-tests. 

 



117 

 

4.2.5  CD200R-/- mice exhibit a delayed resolution of F. tularensis LVS 
………………..infection 

Having seen an exacerbated bacterial burden in CD200R-/- at day 7 p.i. following a 

lethal dose of F. tularensis LVS, it was next investigated whether CD200R played a 

role in the resolution of infection. Thus, WT and CD200R-/- mice were infected 

intranasally with a lower dose of 450 CFU F. tularensis LVS in order to increase 

chances of survival and recovery. Weights were monitored daily and the experiment 

end-point was reached once all mice had reached their original starting weight prior 

to infection, in this case day 17 p.i. Unfortunately, two WT mice had to be culled 

prior to the experiment endpoint on humane grounds due to excessive weight loss 

and clinical scoring, therefore statistical analysis on these data was not possible.  

When looking at weight change over the course of infection, weight loss started to 

occur at day 3 p.i. and begin to level off at day 7 p.i as was expected (Figure 4.5A). 

The period between day 7 and 10 p.i. was a crucial point in determining recovery, 

as weights were maintained during this time and it was at this point where two WT 

mice had to be culled. From day 10 p.i. there was a steady increase in weight gain 

until mice reached their starting weight at day 17 p.i. There was a trend of slower 

recovery in CD200R-/- mice as the remaining WT mice had almost reached their 

starting weight by day 15 p.i. (Figure 4.5A).  

As mice had fully recovered from the weight they had lost due to the F. tularensis 

LVS infection, it could be assumed that mice had successfully cleared the bacteria. 

However, when bacterial burden were enumerated in the lung, liver and spleen in 

WT and CD200R-/- at day 17 p.i. it was surprising to still see bacteria present (Figure 

4.5B). Interestingly, there was an increased bacterial burden in the lungs of 

CD200R-/- compared to WT. Similarly, WT mice had cleared the burden from the 

liver while CD200R-/- mice still harboured some bacteria. Both WT and CD200R-/- 

had failed to fully clear the bacteria from the spleen and there were no differences in 

burden (Figure 4.5B).  

These data suggest that even though mouse weights would suggest recovery from  

F. tularensis LVS, bacteria is still abundant in the host. Interestingly, an increased 

bacterial burden in lungs of CD200R-/- mice, as well as a trend of slower weight gain 

compared to WT mice, points towards a role for CD200R in the clearance of  

F. tularensis LVS infection. However, as there was no possibility of conducting 

statistical tests due to low WT sample size assumptions from these findings must be 

taken with caution.  
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4.2.6  Characterising lung cell populations following recovery from  
F. tularensis LVS infection 

After showing an increased F. tularensis LVS burden in CD200R-/- mice compared 

to WT after recovery, despite weight gains suggesting full recovery from infection,  

it was important to see how cell populations in the lung had been affected by  

F. tularensis LVS infection. Cells were isolated from the lungs of WT and CD200R-/- 

mice at day 17 p.i., stained for flow cytometry and gated as described previously 

(Figure 3.13A).    

Initially, it was noted that percentages of cell populations had returned to levels 

similar to those seen very early in F. tularensis LVS infection (Figure 4.2). 

Interestingly, there were trends of decreased neutrophil percentages in CD200R-/- 

mice (Figure 4.6A). There were no differences in the percentage of alveolar and 

interstitial macrophages between WT and CD200R-/- mice (Figure 4.6B & C 

respectively). However, there was a trend towards increased percentage of Ly6Chi 

monocyte/macrophages and CD4+ T cells in CD200R-/- mice (Figure 4.6D & E 

respectively).  

 

Figure 4.5 | Characterising recovery from F. tularensis LVS infection in WT and 
CD200R-/- mice. WT and CD200R-/- mice were infected intrasally with 450 CFU F. tularensis 
LVS and were culled at day 17 p.i. A) Mouse weights were monitored daily and are 
represented as percentage weight change. B) Bacterial burden (CFU/g) was enumerated at 
day 17 p.i. in the lung, liver and spleen of WT and CD200R-/- mice. Data represents one 
independent experiment and is shown as mean ± SD (n=2-4). 
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Furthermore, percentage of infection within the cells was determined and it showed 

that F. tularensis LVS-infected neutrophils in CD200R-/- mice were increased 

compared to WT mice (Figure 4.6F). There were no differences in the percentage of 

infected alveolar macrophages, interstitial macrophages and Ly6Chi 

monocyte/macrophages between WT and CD200R-/- mice (Figure 4.6G-I 

respectively). When looking at F. tularensis LVS-infected total live, CD45+ cells 

there was no difference in WT and CD200R-/- mice (Figures 4.6J).  

Taken together these results suggest that the persistence of F. tularensis LVS in 

CD200R-/- neutrophils may be contributing to a delay in bacterial clearance. 

However, without statistical tests firm conclusions from this data cannot to be made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 | Characterising lung populations in WT and CD200R-/- mice following 
recovery from F. tularensis LVS infection. WT and CD200R-/- mice were infected 
intranasally with 450 CFU F. tularensis LVS and were culled at day 17 p.i. Cells were 
isolated from the lung, processed for flow cytometry and stained as described previously 
(Figure 3.13A). Data is presented as percentage of live, CD45+ cells for A) neutrophils,  
B) alveolar macrophages, C) interstitial macrophages, D) Ly6C+ monocyte/macrophages and 
E) CD4+ T cells. The percentage of infected F) neutrophils, G) alveolar macrophages,  
H) interstitial macrophages, I) Ly6C+ monocyte/macrophages and J) total live CD45+ cells 
were determined. Data is representative of one independent experiment and is shown as 
mean  
± SD (n=2-4).  
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4.2.7  Investigating the CD200R pathway as a therapeutic target 
against F. tularensis LVS infection 

The previous data suggests that lack of CD200R in mice exacerbates pulmonary  

F. tularensis LVS infection and may lead to impaired bacterial clearance during 

recovery. Therapeutically targeting the CD200R pathway has previously been 

shown beneficial in alleviating influenza-induced illness, reducing severity of arthritis 

and modulating microglial activation in neurodegenerative disease (Simelyte et al., 

2008, Snelgrove et al., 2008, Lyons et al., 2012). Therefore, the question was asked 

whether activating CD200R signalling, through treatment with the receptor agonist 

CD200-Fc, could improve outcome during F. tularensis LVS infection.  

Thus, WT mice were treated intraperitoneally with 10 µg CD200-Fc, hIgG or PBS 

one day prior to intranasal challenge with an average of 1731 CFU F. tularensis 

LVS, then again at day 1, 3 and 5 p.i. before culling animals at day 7 p.i. (Figure 

4.7A). Weight loss maintained the characteristic pattern during F. tularensis LVS 

infection with very little weight change within the first 3 days of infection. When mice 

began to lose weight, there was no significant difference in percentage weight loss 

between PBS, hIgG and CD200-Fc-treated mice (Figure 4.7B). 

Following this, bacterial burden was enumerated in the lung, liver and spleen of 

PBS, hIgG and CD200-Fc-treated mice. It was found that CD200-Fc treatment 

significantly reduced the bacterial burden in the lung compared to PBS-treated 

mice; however there was no significant difference when compared to hIgG 

treatment (Figure 4.7C). It must also be noted that there was no significant 

difference in burden between PBS- and hIgG- treated mice. Furthermore, CD200-Fc 

treatment had no significant effect on the bacterial burden in the liver and spleen 

compared to either control treatment (Figure 4.7C). 

Although there was a beneficial effect of CD200-Fc treatment against F. tularensis 

LVS infection compared to PBS treatment, this was not the case when compared to 

an appropriate hIgG control. The fact that hIgG treatment showed no significant 

difference compared to PBS treatment would point towards some positive effects of 

CD200-Fc treatment. Nevertheless, these data would indicate that perhaps the hIgG 

portion of the recombinant CD200-Fc protein is also influencing F. tularensis LVS 

infectious outcome.  
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4.2.8 Characterising lung cell populations following CD200-Fc treatment of  
---------.F. tularensis LVS infection 

Despite there being no significant differences in bacterial burden following  

CD200-Fc treatment of F. tularensis LVS infection compared to hIgG, changes in 

cell populations within the lung were also investigated. Cells were isolated from the 

lungs of WT mice at day 7 p.i. following the dosing regimen described in figure 4.7A, 

stained for flow cytometry and gated as described previously (Figure 3.13A). 

There were no significant differences in any of the cell populations investigated. No 

significant differences were observed in the percentage of alveolar and interstitial 

macrophages, Ly6Chi monocyte/macrophages and neutrophils following CD200-Fc 

treatment (Figure 4.8A-D).  

Figure 4.7 | Minimal positive effect of CD200-Fc treatment on F. tularensis LVS 
infection. A) WT mice were treated intraperitoneally with 10 µg CD200-Fc, hIgG or PBS at 
day -1, 1, 3 & 5 of F. tularensis LVS infection, before culling at day 7 p.i. The mean 
challenge dose of 1731 CFU F. tularensis LVS was administered intranasally. B) Mouse 
weights were monitored daily and are represented as percentage weight change. C) 
Bacterial burden (CFU/g) of the lung, liver and spleen was enumerated at day 7 p.i. Data 
represents three independent experiments and is shown as mean ± SD (n=15, 5/group). 
Statistical analysis was performed using one-way ANOVA (ns = not significant, *p<0.05). 
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When investigating the percentage of infection within the cells, there were no 

significant differences in the percentage of F. tularensis LVS-infected alveolar 

macrophages, interstitial macrophages and Ly6Chi monocyte/macrophages 

following CD200-Fc treatment (Figure4.8E-G respectively). Although there was no 

significant difference in F. tularensis LVS-infected neutrophils, the results mirrored 

that of the overall bacterial burden with  hIgG and CD200-Fc-treated mice having 

similar effects compared to PBS-treated (Figure 4.8H). Nevertheless, these data 

show that there were no significant differences in the cell populations within the lung 

following CD200-Fc treatment compared to controls.  

4.2.9  Characterising the cytokine response in the lung following 
CD200-Fc treatment of F. tularensis LVS infection 

CD200-Fc has been shown to reduce the production of pro-inflammatory cytokines 

by agonising the CD200R pathway in other studies (Simelyte et al., 2008, Snelgrove 

et al., 2008). As CD200R-/- mice exhibit an exacerbated inflammatory cytokine 

Figure 4.8 | Characterising lung populations following CD200-Fc treatment of  
F. tularensis LVS infection. WT mice were treated IP with 10 µg CD200-Fc, hIgG or PBS 
at day -1, 1, 3 & 5 of F. tularensis LVS infection, before culling at day 7 p.i. The mean 
challenge dose of 1731 CFU F. tularensis LVS was administered intranasally. Cells were 
isolated from the lung, processed for flow cytometry and stained as described previously 
(Figure 3.13A). Data is presented as percentage of live, CD45+ cells for A) alveolar 
macrophages, B) interstitial macrophages, C) Ly6C+ monocyte/macrophages and  
D) neutrophils. The percentage of infected E) alveolar macrophages, F) interstitial 
macrophages, G) Ly6C+ monocyte/macrophages and H) neutrophils was also determined. 
Data is representative of three independent experiments and is shown as mean ± SD (n=5). 
Statistical analysis was performed using one-way ANOVA. 
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response (Figure 4.3), it was hypothesised that CD200-Fc treatment could reduce 

the levels of pro-inflammatory cytokines. Thus, the expression of various lung  

pro-inflammatory cytokines and chemokines were measured following treatment of  

F. tularensis infection with PBS, hIgG and CD200-Fc. 

Overall there the data points towards reduced pro-inflammatory cytokine levels 

following CD200-Fc treatment. Reduction of IL-6, IL-17A and IL-12p40 levels with 

CD200-Fc were not significant (Figure 4.9A-C respectively). However, the 

concentration of TNFα was significantly reduced in CD200-Fc-treated lungs 

compared to hIgG-treated (Figure 4.9D). Interestingly, there was a significant 

reduction in the concentration of KC and MCP1 following CD200-Fc treatment 

compared to hIgG, but not against PBS-treated (Figure 4.9E & F respectively).  

As with previous in vivo data with CD200-Fc treatment of F. tularensis LVS 

infection, these data show significant reduction TNFα, KC and MCP1 production 

reduced production of pro-inflammatory cytokines following CD200-Fc treatment. 

This highlights the potential use of CD200-Fc as treatment in dampening the 

exacerbated pro-inflammatory cytokine response induced by F. tularensis LVS 

infection.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 | General reduction in cytokine responses in the lung following CD200-Fc 
treatment of F. tularensis LVS infection. WT mice were treated IP with 10 µg CD200-Fc, 
hIgG or PBS at day -1, 1, 3 & 5 of F. tularensis LVS infection, before culling and collecting 
lung homogenated at day 7 p.i. The mean challenge dose of 1731 CFU F. tularensis LVS 
was administered intranasally. Pro-inflammatory cytokines IL-6, IL-17A, IL-12p40, TNFα, KC 
and MCP1 (A-F respectively) were detected in lung homogenate using the BioLegend 
LEGENDplex immunoassay and subsequent analysis software. Data represents two 
independent experiments and is shown as mean ± SD (n=10, 5/group). Statistical analysis 
was performed using one-way ANOVA (*p<0.05). 
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4.2.10  Developing a sub-optimal in vivo antibiotic treatment for  
F. tularensis LVS infection 

Following CD200-Fc treatment during F. tularensis LVS infection, a suboptimal 

antibiotic model was developed to investigate the use of CD200-Fc in a combined 

antibiotic-immunomodulatory therapy do try and increase the effects of CD200-Fc 

treatment. This type of treatment could potentially extend the window for successful 

antibiotic-induced bacterial clearance during acute disease (Klimpel et al., 2008, 

D'Elia et al., 2013b). 

Consequently, WT mice were treated intraperitoneally with 1, 10 and 100 mg/kg 

gentamicin, or a sham injection, at day 1, 3 and 5 p.i. with 643 CFU F. tularensis 

LVS administered intranasally (Figure 4.10A). When monitoring weight change it 

was noted that mice treated with 1 mg/kg gentamicin showed the same weight loss 

seen in sham treated mice. On the contrary, both 10 and 100 mg/kg treatments led 

to almost no weight loss (Figure 4.10B). 

With such drastic differences in weight loss between the gentamicin doses, it was of 

interest to determine how these correlated with bacterial burden in the lung, liver 

and spleen of infected mice. Although treatment with 1 mg/kg gentamicin led to no 

difference in weight loss compared to sham-treated mice, there was a log reduction 

in bacterial burden in the lung, liver and spleen (Figure 4.10C). Interestingly, while 

10 and 100 mg/kg treatment resulted in no weight loss in infected mice, the bacterial 

burdens highlighted differences within the two doses. The bacterial burden in the 

lung following 10 mg/kg gentamicin was only reduced by less than a log compared 

to 1 mg/kg treatment, while the bacteria was almost fully cleared following  

100 mg/kg treatment (Figure 4.10C). Similarly, 100mg/kg treatment was sufficient to 

fully clear bacteria from the liver, while 10 mg/kg treatment led to a two-log 

reduction in liver burden compared to sham treatment (Figure 4.10C). The spleen 

appeared to be the least affected organ in terms of antibiotic-induced bacterial 

clearance. Both 10 and 100 mg/kg gentamicin treatment only led to a further log 

reduction in bacterial burden when compared to 1 mg/kg treatment (Figure 4.10C). 

These data highlight the fine balance between overall bacterial burden and 

subsequent weight loss. Although there were differences in weight loss between 

sham and 1 mg/kg treatment, as well as 10 and 100 mg/kg treatment, overall 

bacterial burdens tended to follow a log-dependent decrease in accordance with the 

log increase in dose. Therefore, when designing a suboptimal antibiotic model for 
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CD200-Fc experiments, the lack of correlation between bacterial burden and weight 

loss needs to be considered.  

 
 

 

Figure 4.10 | Developing a sub-optimal in vivo antibiotic treatment for F. tularensis 
LVS infection. WT mice were treated intraperitoneally with a sham injection or 100, 10 or 1 
mg/kg gentamicin at day 1, 3 & 5 of F. tularensis LVS infection, before culling at day 7 p.i. 
The challenge dose of 643 CFU LVS was administered intranasally. B) Mouse weights 
were monitored daily and are represented as percentage weight change. C) Bacterial 
burden (CFU/g) of the lung, liver and spleen was enumerated at day 7 p.i. Data represents 
one independent experiment and is shown as mean ± SD (n=4).  
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4.3  Discussion 

4.3.1  Protective role for CD200R during later stages of pulmonary  
F. tularensis infection 

4.3.1.1  Exacerbated F. tularensis burden and pro-inflammatory 
response in CD200R-/- mice 

In this chapter the role of CD200R during the later stages of pulmonary F. tularensis 

infection was investigated. As was hypothesised, CD200R-/- mice exhibited 

significantly increased bacterial burden in the lung later in F. tularensis LVS 

infection following intranasal challenge compared to WT (Figure 4.1C). Similarly, 

there was a significantly increased bacterial burden in the spleen of CD200R-/- 

compared to WT at day 5 p.i. (Figure 4.1E). This overall increase in bacterial burden 

was also associated with significantly increased splenomegaly in CD200R-/- mice 

compared to WT, which is characteristic of increased disease severity (Feldman, 

2003, Chiavolini et al., 2008). Interestingly, a general reduction in bacterial burden 

was seen in the liver and spleen, but not the lung, at day 7 p.i. suggesting that 

bacterial clearance in the peripheral organs occurred before clearance at the 

primary site of infection. The bacterial persistence and significantly increased 

burden in the lung of CD200R-/- mice compared to WT was one of the reasons only 

the lung was investigated further in terms of cell population dynamics, cytokine 

levels and pathology. 

Despite this, there was no significant difference in weight loss and survival between 

WT and CD200R-/- mice following F. tularensis infection, which could bring into 

question the biological significance of an increased lung bacterial burden in 

CD200R-/- mice. Nevertheless, the long-term consequences of increased bacterial 

burdens were briefly investigated and suggested a persistent infection in CD200R-/- 

mice. Understanding how CD200R-/- mice previously infected with F. tularensis, deal 

with co-infection or secondary infections could shed greater light on the biological 

significance of these findings.  

Furthermore, although findings from the experiment looking at recovery from  

F. tularensis infection must be interpreted with caution due to low sample size, it 

highlights important aspects of F. tularensis infection dynamics. It was interesting to 

note that even at day 17 p.i. where surviving mice had fully recovered to their 

original weight, extensive bacterial burden was still present in the lungs and 

peripheral organs (Figure 4.5). Although two WT mice had to be culled due to 
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excessive weight loss that would presumably have shown higher bacterial burden 

than surviving WT mice, there was a trend of increased bacterial burden in  

CD200R-/- mice. This was evident in the lung, as well as in the liver where bacteria 

had been fully cleared in WT mice. Low n numbers in this experiment severely 

underpower the results obtained and thus brings into question any conclusions 

made. Repeating this experiment with increased numbers of mice would provide 

greater reliability in these findings, nevertheless when taken together it is evident 

that CD200R plays an important role in the controlling F. tularensis LVS infection.   

4.3.1.2  Delayed and exacerbated pro-inflammatory cytokine response 
in CD200R-/- mice 

Many studies have shown that pulmonary F. tularensis LVS infection is 

characterised by a delayed inflammatory cytokine response (Lopez et al., 2004, 

Malik et al., 2006, Cowley et al., 2010). Similarly, the data in this chapter showed 

that levels of pro-inflammatory cytokines such as IFNγ, TNFα and IL-6 were only 

detectable in lung homogenates at day 5 p.i. Interestingly, a delayed but 

exacerbated cytokine response was observed in CD200R-/- mice compared to WT in 

response to F. tularensis LVS (Figure 4.3). The pro-inflammatory cytokines IFNγ 

and TNFα are essential in controlling F. tularensis infection, with mice deficient in 

these cytokines showing extreme susceptibility to intranasal infection (Chen et al., 

2004b). Thus, a more robust pro-inflammatory response could be considered 

beneficial for the clearance of F. tularensis LVS.  

Nevertheless, in the case of mice lacking CD200R signalling, there is an 

uncontrolled and exacerbated response that has also been seen in other infectious 

models, such as influenza and N. meningitides. Interestingly, in these cases the 

excessive inflammatory response leads to increased weight loss, while 

bacterial/viral burdens remain unchanged (Snelgrove et al., 2008, Mukhopadhyay et 

al., 2010). On the contrary, despite the significantly increased bacterial burden in 

CD200R-/- mice, there was no difference in weight loss between WT and CD200R-/- 

mice. Similarly, H&E staining of LVS-infected lungs showed no gross differences in 

lung pathology between WT and CD200R-/- mice (Figure 4.4). As the excessive  

pro-inflammatory cytokine response in F. tularensis infection has been shown to 

drive pathology and susceptibility to infection (Malik et al., 2006, Cowley, 2009), 

findings in this chapter suggest that the exacerbated cytokine response in CD200R-/- 

mice was not contributing to increased susceptibility to infection. Thus, the 
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significantly increased F. tularensis LVS burden seen in the lung is more likely to be 

driven by other factors.               

4.3.1.3  The role of neutrophils in CD200R-/- mice during F. tularensis 
infection 

Following on from findings in Chapter 3 where there was increased infiltration of 

inflammatory cells into the lung at day 3 p.i. in CD200R-/- mice compared to WT, in 

the longer time course of infection over 7 days there were similar cell population 

kinetics. Increased infiltration of inflammatory cells were observed at day 3 p.i., 

albeit there was no significant difference between WT and CD200R-/- mice which 

could be explained by the fact BAL and lung tissue were not separated in these 

experiments. Nevertheless, the most striking finding was the significantly increased 

neutrophilia in CD200R-/- mice compared to WT, accompanied by significantly 

increased percentage of F. tularensis LVS-infected neutrophils (Figure 4.2). As 

there were no significant differences in the infection rate of any other cell types, 

neutrophils could be considered to be a key contributor to the increased bacterial 

burden of CD200R-/- mice lungs. 

Neutrophils have been shown to be the most infected cell type in the lung from day 

3 p.i. following pulmonary F. tularensis LVS challenge (Hall et al., 2008), perhaps 

due to the fact that infection induces a large influx of neutrophils to the infection site 

as part of the innate response (Marsh et al., 1967, Craig et al., 2009).  

As F. tularensis successfully infects neutrophils, this increased influx of neutrophils 

in CD200R-/- mice may be providing a larger replicative niche compared to WT.  

Disruption of CD200R signalling in CD200-/- mice leads to dysregulation of myeloid 

populations (Hoek et al., 2000), while activation of the CD200R pathway has been 

shown to inhibit the production of the neutrophil chemoattractant IL-8 in a human 

monocytic cell line (Mihrshahi et al., 2009). Similarly, the data in this chapter shows 

that CD200R-/- mice express higher levels of KC, the murine IL-8 homolog, in the 

lung following F. tularensis LVS infection. This would suggest that perhaps the lack 

of CD200R on other cell types, such as macrophages that are one of the major 

sources of KC (De Filippo et al., 2008), might be contributing to the increased 

neutrophil influx in CD200R-/- mice. It would be interesting to investigate cell-specific 

CD200R deficient mice to further elucidate the influence of CD200R signalling 

during F. tularensis infection.   
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Alternatively, as there was only increased KC in CD200R-/- mice at day 7 p.i. and 

the increased neutrophilia was seen as early as day 5 p.i., the contribution of 

CD200R on other cell types towards the increase in F. tularensis LVS-infected 

neutrophils may be minimal. Neutrophils have been shown to drive pathology in  

F. tularensis infection (Malik et al., 2007), and it has been shown that F. tularensis 

can inhibit ROS-dependent killing by neutrophils though disruption of NADPH 

oxidase assembly (McCaffrey and Allen, 2006, McCaffrey et al., 2010). Therefore, it 

may also be the case that lack of CD200R signalling directly on neutrophils is 

further affecting their ability to deal with F. tularensis infection. This is something 

that was explored extensively in Chapter 5.          

4.3.2  Maintaining a consistent in vivo infectious model 

As with maintaining a consistent challenge dose for in vitro experiments discussed 

in Chapter 3.3, similar issues were encountered when preparing challenge doses for 

intranasal infections in vivo. The importance of challenge dose, time of infection end 

point and mouse strain/sex were all considered. From previous studies undertaken 

in the lab (data not shown), C57Bl/6 mice were the strain chosen due to increased 

susceptibility to the infection, as well as using only female mice to avoid sex bias.  

A high dose of 1000 CFU F. tularensis LVS was chosen as this has previously been 

shown to be around the LD50 for F. tularensis LVS intranasal infection (Fortier et al., 

1991, Periasamy et al., 2016). It can be noted throughout this chapter that the 

average F. tularensis LVS CFU of intranasal challenge doses varied between 

experiments. This variation in challenge dose was primarily due to the variations in 

the accuracy of the spectrophotometer when preparing an LVS suspension of 

OD600nm 0.20 being amplified during serial dilutions to achieve a final challenge dose 

of 1000 CFU.  

Attempts to rectify this problem were achieved through creating frozen stocks 

specifically for in vivo challenges which solved some of the issues (Methods 2.1.4); 

however small variations between challenge doses still remained. Nevertheless, as 

the intranasal challenge doses all remained within the same log scale (103), the 

different doses most likely did not have a major impact on the overall results 

presented in this thesis. Furthermore, variation in the uptake of bacteria during the 

procedure of intranasal challenge itself would provide variability between mice and 

experiments, regardless of similar challenge doses. Nevertheless, enhanced burden 

in the lung of CD200R-/- mice was consistent between different experiments despite 
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variation in challenge does, strongly supporting a role for CD200R signalling in 

regulating responses to F. tularensis infection. 

4.3.3  CD200R as a therapeutic target against F. tularensis infection 

4.3.3.1  Minimal effect of CD200-Fc treatment in vivo 

Despite showing evidence of CD200-Fc decreasing F. tularensis LVS burden in vitro 

in Chapter 3, experiments in vivo show minimal effects of CD200-Fc treatment. 

When compared to PBS-treated mice, CD200-Fc treatment led to a significant 

reduction in F. tularensis LVS burden in the lung; however there was no significant 

difference when compared to hIgG control-treated mice (Figure 4.7). Furthermore, 

there was also no difference in bacterial burden found in peripheral organs. 

Similarly, when looking at the cell populations in the lung, no significant differences 

between any of the treatments were observed (Figure 4.8). Nevertheless, it must be 

noted that there was no significant difference in lung bacterial burden between PBS 

and hIgG treatment, suggesting that CD200-Fc did have a slight independent effect. 

This was perhaps more notable when looking at the cytokine production in the lung 

following treatment of F. tularensis infection (Figure 4.9). There was a significant 

reduction in TNFα, KC and MCP1 production following CD200-Fc treatment 

compared to hIgG-treated mice. As introduced previously, CD200-Fc is a beneficial 

treatment for various inflammatory states in mice such as influenza, ocular HSV 

infection and autoimmune disorders through the reduction of pro-inflammatory 

cytokine responses (Gorczynski et al., 1999, Simelyte et al., 2008, Snelgrove et al., 

2008, Sarangi et al., 2009). However, findings in this chapter suggest that the 

inflammatory response may not be playing a direct role in influencing infectious 

outcome with regards to bacterial burden, pathology and weight loss. Thus, the 

reduction in inflammatory responses induced by CD200-Fc may not be sufficient to 

influence F. tularensis LVS infectious outcome. 

The similarities in F. tularensis burden between hIgG and CD200-Fc treated mice 

suggest that the hIgG portion of the recombinant protein may be having  

off-target effects. IgGs can bind to Fcγ receptors on myeloid cells and can lead to a 

variety of downstream effector functions (Unkeless and Eisen, 1975, Bournazos et 

al., 2016). It has been shown that human IgGs can bind to mouse FcγR with similar 

affinities to mouse IgGs and may have similar FcγR-mediated biological activities in 

mice (Dekkers et al., 2017). This is the case for the anti-angiogenic cancer drug 

bevacizumab, where anti-angiogenic effect of the drug was abolished through 
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disruption of the IgG-FcγR interaction, suggesting that the anti-angiogenic function 

is in part dependent on the hIgG (Bogdanovich et al., 2016).   

Alternatively, it could also be a case of altering the dosing regimen of CD200-Fc 

treatment to reduce the chances of off-target affects. However, 10 µg CD200-Fc 

was administered per dose which has been used as a therapeutic dose multiple 

times in the literature (Gorczynski et al., 1999, Snelgrove et al., 2008, Yin et al., 

2016). Furthermore, increasing dose does not guarantee a response as some 

studies have used 40 µg CD200-Fc per dose to treat corneal graft rejection, an 

inflammatory disorder, with no effect (Nicholls et al., 2015). The days in which 

dosing took place were also similar to others, with treatment administered in either 

one or two-day intervals. Due to the short nature of the infection, it was decided to 

dose every other day. Furthermore, the experiments in this chapter included a  

pre-treatment prior to infection, which may not be representative of real-life 

treatment of tularemia which would only be treated upon onset of symptoms after  

3-4 day incubation period (Feldman, 2003). As there were differences in  

F. tularensis LVS burden later in infection in CD200R-/- mice, it would be interesting 

to see whether starting CD200-Fc treatment when F. tularensis infection has 

developed would provide a difference treatment outcome. Another aspect to 

consider is the route of treatment. Intranasal administration of CD200-Fc, as oppose 

to intraperitoneal dosing, would ensure the treatment reaches its target organ of the 

lung and perhaps enhance the therapeutic effect. This was difficult to achieve to the 

severity of infection in mice and Home Office regulations, but would be interesting to 

peruse in the future. 

4.3.3.2  Combined antibiotic-immunomodulatory therapy 

In the final part of the chapter the effects of different doses of gentamicin treatment 

in pulmonary F. tularensis LVS infection were investigated, in the hope of 

developing a combined antibiotic-immunomodulatory therapy with CD200-Fc.  

The efficiency of antibiotic treatment during F. tularensis infection is highly 

dependent on the time after infection that the treatment is given, with increased 

success from earlier treatment (Russell et al., 1998, Steward et al., 2006, Klimpel et 

al., 2008). Therefore, developing a therapeutic strategy where the window for 

efficient treatment is increased, in this case reducing the inflammatory response via  

CD200-Fc administration, could be beneficial for F. tularensis infection. 

Gentamicin was chosen as the antibiotic for in vivo treatment as it had previously 

been used during in vitro experiments, and more importantly it has been shown to 
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be an effective treatment for tularemia (Jackson and Lester, 1978, Mason et al., 

1980). However, ciprofloxacin and levofloxacin have been shown to have a lower 

minimum inhibitory concentration (MIC) range against F. tularensis when compared 

to gentamicin (Caspar and Maurin, 2017). Thus, in determining a combination 

therapy, it would be beneficial to compare the effectiveness of CD200-Fc with 

antibiotics of varying bactericidal activity.  

Furthermore, it must also be taken into account how infectious outcome of  

F. tularensis can be monitored and measured in mice. As has been experienced in 

previous experiments, weight loss and bacterial burden do not necessarily correlate 

during infection (Figure 4.10). It was determined that mice treated with 1 mg/kg 

gentamicin exhibited an increased bacterial clearance compared to sham treated, 

but interestingly there was no difference in weight loss. On the contrary, mice 

treated with 10 and 100 mg/kg gentamicin showed equally minimal weight loss, yet  

100 mg/kg gentamicin treatment led to significantly increased bacterial clearance 

when compared to the 10 mg/kg dose. It is important to realise in these antibiotic 

models that although no weight loss occurs, there can still be considerable changes 

in bacterial burden. Thus, in future experiments it would be important to choose an 

optimal gentamicin dose that would allow F. tularensis infection to be monitored by 

weight loss as well as bacterial burden. 

 
4.4  Conclusion 

In Chapter 4 it was determined that CD200R is important in controlling F. tularensis 

LVS in the later stages of infection, demonstrated by a significantly increased 

bacterial burden in the lung of CD200R-/- mice compared to WT. Furthermore, 

CD200R-/- mice exhibited a delayed, but exacerbated, pro-inflammatory response to 

infection; however this did not appear to be contributing to increased pathology. 

This was further supported by the findings that a reduction in pro-inflammatory 

cytokine responses in the lung through treatment with CD200-Fc did not influence 

bacterial burdens. 

It was later demonstrated that this elevated burden was associated with increased 

neutrophilia in CD200R-/- lungs, leading to increased F. tularensis-infected 

neutrophils that appeared to be the main contributors to elevated lung burdens. 

Chapter 5 will go on to extensively investigate the importance of CD200R signalling 

on neutrophils and the role this plays during pulmonary F. tularensis LVS infection.          
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Chapter 5 

 

Determining the functional role of neutrophils during  
Francisella tularensis LVS infection 
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5.1  Introduction 

Chapters 3 and 4 explored the importance of CD200R during pulmonary  

F. tularensis LVS infection. It was determined that CD200R plays a protective role in 

the lung during the later stages of infection, and data showed that this phenotype 

was linked to excessive neutrophilia and increased F. tularensis LVS-infected 

neutrophils in CD200R-/- mice compared to WT. Thus, this chapter aimed to further 

investigate the importance of neutrophils during F. tularensis LVS infection in 

CD200R-/- mice, as well as elucidating the functional mechanisms by which CD200R 

signalling on neutrophils can influence infectious outcome.  

The role of neutrophils during F. tularensis infection is evident by the fact that 

following pulmonary infection, neutrophils account for around 50% of total infected 

cell types at day 3 p.i (Hall et al., 2008). However, previous studies in which 

neutrophils have been depleted during pulmonary F. tularensis infection have 

provided mixed results. Data from one group showed that neutrophil depletion had 

no effect on bacterial burdens and infectious outcome to F. tularensis (Conlan et al., 

2002); while another demonstrated high susceptibility to infection when neutrophils 

were depleted at day 3 p.i. (Steiner et al., 2017). Nevertheless, this chapter looked 

at neutrophil depletion in CD200R-/- mice during pulmonary F. tularensis LVS 

infection. It was hypothesised that as neutrophils may be primary contributors to the 

increased pulmonary bacterial burden in CD200R-/- mice compared to WT and 

depleting neutrophils in this model would lead to a reduction in bacterial burden in 

CD200R-/- mice. 

As well as investigating the effects of neutrophil depletion during F. tularensis LVS 

infection in CD200R-/- mice, this chapter also aimed to understand mechanistic 

functions of neutrophils that lack of CD200R signalling affected. As neutrophils had 

enhanced F. tularensis LVS burden in CD200R-/- mice compared to WT, it was 

hypothesised that neutrophils lacking CD200R were defective in key effector 

functions that serve to control bacterial infection.  

Thus, it is clear that neutrophils play an important role in controlling pathogen 

clearance, with multiple effector functions that are critical in maintaining neutrophil 

activity. The findings in this thesis so far suggest that neutrophils in CD200R-/- mice 

are key contributors to an elevated F. tularensis LVS burden in the lungs and have a 

reduced ability to deal with infection. This chapter aimed to understand what is 

driving this dysfunctional neutrophil activity in CD200R-/- mice. 



135 

 

5.2  Results 

5.2.1  Antibody-mediated neutrophil depletion abrogates increased  
F. tularensis LVS lung burden in CD200R-/- mice 

Chapter 4 determined that an exacerbated F. tularensis LVS burden in the lungs of  

CD200R-/- mice was associated with increased neutrophilia and an increase in  

F. tularensis LVS-infected neutrophils (Figure 4.1 & 4.2). To further investigate 

whether this neutrophil phenotype was directly contributing to increased 

susceptibility to F. tularensis LVS in CD200R-/- mice, it was important to understand 

how depleting neutrophils during F. tularensis LVS infection altered the infectious 

outcome. Thus, mice were treated with an α-Ly6G monoclonal antibody to 

specifically deplete neutrophils during pulmonary F. tularensis infection. 

Firstly, it was important to determine to what extent neutrophils were depleted and if 

they could replenish after α-Ly6G antibody treatment to determine an appropriate 

dosing regimen. WT mice were treated intraperitoneally with 50 µg α-Ly6G antibody 

or IgG2a control and neutrophil populations were monitored. The α-Ly6G antibody 

(clone 1A8) had previously been used to identify neutrophils in the lung by flow 

cytometry; however, this was no longer possible as Ly6G was the target for 

antibody-mediated killing of neutrophils. Therefore, in order to avoid masking a 

neutrophil population a combination of Ly6C and Gr-1 was used to identify 

neutrophils by flow cytometry.  

The α-Gr-1 antibody reacts strongly with Ly6G (RB6-8C5 clone) expressed by 

neutrophils, but also weakly with Ly6C that is expressed by monocytes. 

Subsequently, the strong binding of the Ly6C antibody to monocytes was used to 

distinguish between these two populations (Figure 5.1A). Cells were isolated from 

the lung and analysed by flow cytometry, initially being gated on single, live CD45+ 

lymphocytes as described in figure 3.12. Ly6G+ neutrophils were demonstrated to 

overlap with Gr-1hi Ly6Cint cells and can be comfortably distinguished from Gr-1hi 

Ly6Chi cells (Figure 5.1A). This confirmed that Gr-1hi Ly6Cint cells were indeed 

neutrophils and provided an accurate way to determine efficient neutrophil 

depletion. 

Consequently, it was demonstrated that treatment with 50 µg α-Ly6G effectively 

depleted neutrophils in the lung after 1 day. At day 2 and 3 post-treatment there was 

a slight replenishment of neutrophils, but there was still significant depletion when 

compared to IgG2a control treated mice (Figure 5.1B). To further confirm neutrophil 
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Figure 5.1 | Confirmation of antibody-mediated neutrophil depletion in vivo.  
WT C57BL/6 mice were treated intraperitoneally with 50 µg α-Ly6G or IgG2a control, then 
lung neutrophil populations monitored by flow cytometry at day 1, 2 and 3 post-treatment.  
A) Representative dot plots of IgG2a-treated lungs showing the overlap of live, CD45+, 
CD11b+ Ly6G+ neutrophils with Gr1hi Ly6Cint cells. B) Representative dot plots of Gr-1hi 

Ly6Cint neutrophil populations at day 1, 2 and 3 post-treatment with α-Ly6G or IgG2a 
confirming neutrophil depletion in the lung. C) Representative back gating of Gr-1hi Ly6Cint 
neutrophils (red) for FSC-A and SSC-A at day 1 post-treatment with α-Ly6G or IgG2a.    
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depletion, the increased granularity of neutrophils was used to identify the depleted 

population by forward and side scatter. The neutrophil population with high SSC-A 

in IgG2a treated mice was not present in mice treated with α-Ly6G (Figure 5.1C).  

It was determined that 50 µg α-Ly6G effectively depleted neutrophils in vivo, 

however due to the slight replenishment of neutrophils by day 2 post-treatment, it 

was decided to dose mice every other day during future studies.         

Having confirmed successful neutrophil depletion, the next step was to deplete 

neutrophils during F. tularensis LVS infection in WT and CD200R-/- mice.  

The dosing regimen consisted of a pre-treatment with α-Ly6G or IgG2a one day 

prior to intranasal challenge with an average of 984 CFU F. tularensis LVS, followed 

by further treatments at day 1, 3 and 5 p.i. (Figure 5.2A). Weight change was 

monitored in WT and CD200R-/- mice throughout the course of the infection, and as 

seen previously weight loss only began at day 3 p.i. (Figure 5.2B). Interestingly, 

there appeared to be a slight increase in weight loss in WT and CD200R-/- mice 

treated with α-Ly6G consistently compared to those treated with IgG2a (Figure 

5.2B). This suggested that by solely looking at weight change, neutrophil depletion 

had a detrimental effect on pulmonary F. tularensis LVS infectious outcome.       

When enumerating the bacterial burden in infected lungs at day 7 p.i., there was the 

characteristic increased burden in CD200R-/- mice versus WT when treated with 

IgG2a (Figure 5C). However, neutrophil depletion in CD200R-/- mice led to a 

significant reduction in the lung bacterial burden, rescuing the phenotype by 

returning burdens back to levels of the WT mice (Figure 5.2C). Interestingly, 

neutrophil depletion had no effect on the bacterial burden of WT mice (Figure 5.2C). 

There was no significant difference in F. tularensis LVS burden in the liver at day  

7 p.i. regardless of the condition (Figure 5.2D). Neutrophil depletion led to 

significantly reduced F. tularensis LVS burden in the spleen of WT and CD200R-/- 

mice when compared to WT IgG2a treated mice. Surprisingly, there was a 

significantly reduced bacterial burden in the spleen of CD200R-/- mice compared to 

WT treated with IgG2a, yet this difference was lost when treated with α-Ly6G 

(Figure 5.2E).   

Together these data show the importance of neutrophils in driving increased lung  

F. tularensis LVS burdens in CD200R-/- mice, with neutrophil depletion in CD200R-/- 

mice rescuing the phenotype of exacerbated bacterial burden in the lungs.  

This would indicate that neutrophils play a detrimental role during F. tularensis LVS 

infection in CD200R-/- mice.  
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5.2.2  Characterisation of pulmonary cell populations following 
……………….neutrophil depletion during F. tularensis LVS infection 

The bacterial burden data presented previously demonstrated that depleting 

neutrophils in CD200R-/- mice during pulmonary F. tularensis LVS infection rescues 

the exacerbated burden seen in lungs of untreated mice. It was important to pursue 

this phenotype and see how the population dynamics in the lung had shifted 

following neutrophil depletion. Furthermore, this would help determine if any other 

cell types may be contributing to the reduced burden in CD200R-/- mice following 

neutrophil depletion, or if the absence of neutrophils alone was sufficient to reduce 

the F. tularensis LVS burden. 

Figure 5.2 | Antibody-mediated neutrophil depletion abrogates increased  
F. tularensis LVS lung burden in CD200R-/- mice. A) WT and CD200R-/- mice were treated 
intraperitoneally with 50 µg α-Ly6G or IgG2a at day -1, 1, 3 & 5 of F. tularensis LVS 
infection, before culling at day 7 p.i. The mean challenge dose of 984 CFU F. tularensis LVS 
was administered intranasally. B) Mouse weights were monitored daily and are represented 
as percentage weight change. C) Bacterial burden (CFU/g) of the lung, liver and spleen was 
enumerated at day 7 p.i. Data represents three independent experiments and is shown as 
mean ± SD (n=15, 5/group). Statistical analysis was performed using two-way ANOVA 
(*p<0.05, **p<0.01, ***p<0.001). 
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Cells were isolated from the lung, stained them for flow cytometry and applied the 

same gating strategy as described previously (Figure 3.12), with the exception of 

using Ly6C and Gr-1 instead of Ly6G as markers to identify neutrophils (Figure 5.1). 

It was initially determined whether cell populations of interest had changed in WT 

and CD200R-/- mice. As expected, there was a significant increase in the 

percentage of neutrophils in IgG2a-treated CD200R-/- mice, with very few 

neutrophils present following neutrophil depletion (Figure 5.3A). There was no 

significant difference in the percentage of alveolar macrophages between any of the 

conditions (Figure 5.3B). Interestingly, there was a significant reduction in the 

percentage of interstitial macrophages and Ly6Chi monocyte/macrophages in 

IgG2a-treated CD200R-/- mice compared to WT (Figure 5.3C & D respectively). 

Neutrophil depletion led to an increase in interstitial macrophage populations, 

abolishing the significant difference between WT and CD200R-/- mice (Figure 5.3C). 

In contrast, , a significant reduction in Ly6Chi monocyte/macrophages population 

percentage was observed in IgG2a-treated CD200R-/- mice compared to WT (Figure 

5.3D). These data suggest neutrophil depletion may be contributing to resurgence 

of interstitial macrophages populations in CD200R-/- mice.  

Following this the percentage of infection within the cell populations described 

above was determined. Firstly, there was a significant increase in the percentage of 

F. tularensis LVS-infected neutrophils in IgG2a treated CD200R-/- mice compared to 

WT, whereas α-Ly6G treated mice showed very little neutrophil infection when 

presented as a percentage of total CD45+ cells (Figure 5.3E). Interestingly, there 

was no significant difference in WT and CD200R-/- mice regardless of the treatment 

when looking at the percentage of infected alveolar macrophages, interstitial 

macrophages and Ly6Chi monocyte/macrophages (Figure 5.3F, G & H respectively).  

Overall, the data points towards the detrimental effect of infected neutrophils during 

F. tularensis LVS infection in CD200R-/- mice. The lack of significant differences in 

the percentage infection of other cell types regardless of the condition indicates that 

the depletion of neutrophils, and the subsequent loss of an important replicative 

niche, is sufficient to reduce the overall lung bacterial burden in CD200R-/- mice.        
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5.2.3  No gross lung histopathology differences in WT and CD200R-/- 
mice following neutrophil depletion 

As well as determining overall bacterial burden in the lung and further investigating 

the cell populations of interest by flow cytometry, it was also of interest to explore 

how neutrophil depletion affected the gross pathology of the lung during  

F. tularensis LVS infection in WT and CD200R-/- mice. Thus, histopathological 

analysis of infected lungs was conducted by inflating and fixing lung tissue with 10% 

formalin, before processing and staining with hematoxylin and eosin (HE).  

Overall there were no gross differences in lung pathology between WT and 

CD200R-/- mice treated with IgG2a or α-Ly6G during LVS infection (Figure 5.4A-D). 

Nevertheless, signs of inflammation were evident in all the samples. Observations 

showed peri-vascular and peri-bronchial mononuclear cell infiltration, thickening of 

the airway epithelium and mild collapse of the alveolar space (black arrows, Figure 

5.4A-D). To provide a quantitative measure of inflammation, number of cells within 

the tissue were counted using ImageJ to quantify the extent of cell infiltration. There 

were no significant differences in the cell count/tissue area between WT and 

Figure 5.3 | Characterising lung cell populations following antibody-mediated 
neutrophil depletion, during F. tularensis LVS infection in WT and CD200R-/- mice.  
WT and CD200R-/- mice were treated as described in figure 5.2A. Infected lungs were 
analysed by flow cytometry as described in figure 3.13. Data is presented as percentage of 
live, CD45+ cells for A) neutrophils, B) alveolar macrophages, C) interstitial macrophages 
and D) Ly6C+ monocyte/macrophages. E) F. tularensis LVS-infected neutrophils are shown 
as a percentage of live, CD45+ cells. Similarly, percentage of F. tularensis LVS-infected  
F) alveolar macrophages, G) interstitial macrophages and H) Ly6C+ monocyte/macrophages 
are shown. Data represents three independent experiments and is shown as mean ± SD 
(n=15, 5/group). Statistical analysis was performed using two-way ANOVA (*p<0.05, 
****p<0.0001). 
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CD200R-/- mice treated with IgG2a or α-Ly6G during LVS infection (Figure 5.4E). 

These data suggest that although neutrophil depletion reduced lung bacterial 

burden in CD200R-/- mice, it did not impact lung pathology.     

Figure 5.4 | H&E-stained lung of WT and CD200R-/- mice following antibody-mediated 
neutrophil depletion during F. tularensis LVS infection. Lung tissue was taken from 
IgG2a and α-Ly6G-treated WT and CD200R-/- at day 7 p.i. with F. tularensis LVS.  
H&E-stained lung sections were processed as described in methods 2.7. Representative 
images display bronchioles (b) and blood vessels (v) within the lung of IgG2a and  
α-Ly6G-treated WT (A & B) and CD200R-/- (C & D) mice. Black arrows represent thickening 
of the airway epithelium (A), mild collapse of the alveolar space (B), peri-bronchial (C) and  
peri-vascular (D) mononuclear cell infiltration. E) Quantitative analysis of cell infiltration using 
ImageJ. Cells were counted and normalised to total tissue area (tissue minus bronchial and 
vascular lumen). Images shown are at 20x magnification and scale bar represents 50 µm. 
Data is representative of one experiment and is shown as mean ± SD (E, n=4-5, 4-10 
images per group). Statistical analysis was performed using two-way ANOVA. 
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5.2.4  Determining the pro-inflammatory cytokine response to  
……………….F. tularensis LVS infection following neutrophil depletion 

Although there was no difference in lung pathology following neutrophil depletion, it 

was important to determine if the pro-inflammatory cytokine response changed as it 

is known to play a role in controlling F. tularensis LVS infection, as well as in driving 

pathogenesis under certain conditions (Cowley, 2009, D'Elia et al., 2013a). 

Total cytokine concentrations were measured in lung homogenate of WT and 

CD200R-/- mice treated with IgG2a or α-Ly6G during F. tularensis LVS infection.  

The most interesting observation was a significant increase in IL-17A production in  

α-Ly6G-treated WT mice that was not observed in CD200R-/- mice or any IgG2a-

treated mice (Figure 5.5A). However, there was no significant difference in the 

concentration of KC between any of the conditions (Figure 5.5B). As IL-17A and KC 

play a role in neutrophil recruitment (De Filippo et al., 2008, Flannigan et al., 2017), 

it was interesting that neutrophil depletion only affected IL-17A. There was no 

significant difference in TNFα, IFNγ, IL-6 and IL-1β production in WT and CD200R-/- 

mice treated with IgG2a or α-Ly6G (Figure 5.5C-F respectively). These data 

indicated that apart from significant differences in IL-17A production, there was very 

little difference in the production of pro-inflammatory cytokines in the lungs of WT 

and CD200R-/- mice treated with IgG2a or α-Ly6G during F. tularensis LVS infection.  

 

 

 

 

 

 

 

 

 

 

Figure 5.5 | No differences in cytokine response in neutrophil depleted WT and 
CD200R-/- mice following F. tularensis LVS infection. Lung homogenate was taken from 
IgG2a and α-Ly6G-treated WT and CD200R-/- at day 7 p.i. with F. tularensis LVS. IL-17A, 
KC, TNFα, IFNγ, IL-6 and IL-1β (A-F) were detected using the BioLegend LEGENDplex 
immunoassay. Data represents three independent experiments and is shown as mean ± SD 
(n=15, 5/group). Statistical analysis was performed using two-way ANOVA (***p<0.001). 
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To give a more detailed picture of cell-specific cytokine secretion in the lung, the 

production of IFNγ, TNFα and IL-6 in specific cell types in WT and CD200R-/- mice 

treated with IgG2a or α-Ly6G during F. tularensis LVS infection was determined. 

Thus, single cell suspension of F. tularensis LVS-infected lung was stimulated for  

4 hours at 37°C with a cocktail of PMA and ionomycin to induce cytokine production, 

as well as brefeldin A and monensin to prevent protein transport out of the cell. 

Cells were then stained for flow cytometry and gated as described in figure 3.12.      

Upon determining cytokine production in total live CD45+ cells there was a 

significant reduction in IFNγ, TNFα and IL-6 producing cells in CD200R-/- mice 

compared to WT when treated with IgG2a (Figure 5.6A). Upon treatment with  

α-Ly6G, there was a significant reduction in IFNy and IL-6 production in CD200R-/- 

mice compared to WT. However, there was no significant difference in TNFα-

producing cells in neutrophil-depleted CD200R-/- mice compared to WT due to an 

increase in TNFα production in CD200R-/- CD45+ cells (Figure 5.6A).  

Additionally, IFNy-producing, but not TNFα and IL-6-producing neutrophils were 

significantly reduced in IgG2a-treated CD200R-/- mice compared to WT. Neutrophil 

depletion meant that neutrophils became a minimal source of cytokine production 

(Figure 5.6B). Similarly, there was a significant reduction in IFNy-producing, but not 

TNFα and IL-6-producing, interstitial macrophages and Ly6Chi monocyte/ 

macrophages in IgG2a-treated CD200R-/- mice compared to WT (Figure 5.6C and D 

respectively). Interestingly, IFNy and TNFα production in interstitial macrophages, 

but not Ly6Chi monocyte/macrophages, was also significantly reduced in α-Ly6G-

treated CD200R-/- mice compared to WT (Figure 5.6C and D respectively). There 

was no significant difference in IL-6-producing interstitial macrophages between WT 

and CD200R-/-, but a significant reduction in α-Ly6G-treated CD200R-/- mice 

compared to IgG2a-treated was observed (Figure 5.6C). On the contrary, there was 

no significant difference between any conditions when looking at IL-6-producing 

Ly6Chi monocyte/macrophages (Figure 5.6D).  

These data show how the pro-inflammatory cytokine response within the lung in 

response to F. tularensis LVS infection varies in a cell-type specific manner. Overall 

the data shows a significant reduction in the percentage of cytokine-producing cells 

in IgG2a-treated CD200R-/- mice compared to WT. Nevertheless, as a whole the 

cytokine data does not provide evidence for the pro-inflammatory cytokine response 

playing an important role in the phenotype seen in CD200R-/- mice during neutrophil 

depletion.       
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Figure 5.6 | Characterising cytokine-producing lung cells in neutrophil-depleted WT 
and CD200R-/- mice following F. tularensis LVS infection. Cells were isolated from lungs 
of IgG2a and α-Ly6G-treated WT and CD200R-/- at day 7 p.i. with F. tularensis LVS. Single 
cell suspension was then incubated for 4 hours at 37°C with a cocktail of PMA, ionomycin, 
brefeldin A and monensin. Samples were stained and analysed by flow cytometry as 
described in figure 3.13, with the addition of antibodies against IFNγ, TNFα and IL-6. 
Cytokine production in A) total live, CD45+ cells and B) neutrophils are presented as a 
percentage of live CD45+ cells. The percentage of cytokine-producing C) interstitial 
macrophages and D) Ly6Chi monocyte/macrophages was also determined. Data is 
representative of two independent experiments and is shown as mean ± SD (n=5). Statistical 
analysis was performed using two-way ANOVA (*p<0.05, **p<0.01, ***p<0.001). 
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5.2.5  Lack of CD200R on primary neutrophils increases susceptibility 
……………….to F. tularensis LVS infection in vitro 

After showing that neutrophils play a detrimental role during F. tularensis LVS 

infection in CD200R-/- mice, the next aspect to be explored was the intrinsic 

differences between WT neutrophils and those that lack CD200R expression.  

Thus, neutrophils were isolated from the bone marrow of WT and CD200R-/- mice by 

negative selection. There was an increase in the purity of the sample, with an 

enrichment of neutrophils in samples post-isolation (Figure 5.7A). There was no 

significant difference in the percentage neutrophils isolated from WT and CD200R-/- 

mice (Figure 5.7B). As shown previously in lung neutrophils (Figure 3.13B),  

bone marrow neutrophils isolated from WT mice showed stronger CD200R 

expression when compared to neutrophils from CD200R-/- mice (Figure 5.7C). 

Figure 5.7 | Confirmation of neutrophil isolation from WT and CD200R-/- mouse bone 
marrow. Neutrophils were isolated by negative selection from WT and CD200R-/- mouse 
bone marrow (n=3). Cells were labelled and analysed by flow cytometry to determine the 
extent of isolation. A) Representative dot plots show CD11b+ Ly6G+ neutrophil population 
pre and post-isolation. B) Quantification of percentage neutrophils in WT and CD200R-/- 
bone marrow pre- and post-isolation. C) Histogram with representative CD200R expression 
on WT (blue) and CD200R-/- (red) neutrophils. Data represent one experiment and is shown 
as mean ± SD (B, n=3). Statistical analysis was performed using two-way ANOVA. 
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Having previously established that CD200R-/- neutrophils have significantly 

increased levels of F. tularensis LVS infection in vivo (Figure 4.2H and 5.3E), it was 

of interest to see whether this was also the case in isolated primary neutrophils  

in vitro. The neutrophil infection assay used was very similar to that used for 

macrophages described earlier (Figure 3.1 & Methods 2.2.3), although there was a 

change in the initial F. tularensis LVS incubation time from 2 to 4 hours to cater for 

the reduced phagocytic ability of neutrophils compared to macrophages (Silva and 

Correia-Neves, 2012). 

WT and CD200R-/- neutrophils were incubated with an average F. tularensis LVS 

MOI 97, cells were processed at 4 and 24 hours p.i. and stained for flow cytometry 

to determine LVS infection within the neutrophils (Figure 5.8A). There was no 

significant difference in the percentage of infection at 4 hours p.i. between WT and 

CD200R-/- neutrophils. However, at 24 hours p.i. there was a significantly enhanced 

percentage of F. tularensis LVS-infected CD200R-/- neutrophils compared to WT 

(Figure 5.8B). No significant difference in burden between WT and CD200R-/- 

neutrophils was observed (Figure 5.8C). Together these data suggest that primary 

CD200R-/- neutrophils are more susceptible to LVS infection in vitro. Although there 

was no significant difference in overall F. tularensis LVS burden when determining 

CFU, this could be partly due to technical issues that will be discussed further.  

5.2.6  No significant difference in F. tularensis LVS-induced cell death 
in WT and CD200R-/- neutrophils 

Neutrophil cell death is an important part of the neutrophil response to infection and 

subsequently to the development of organ dysfunction (Iba et al., 2013). Given that 

F. tularensis has been shown to delay neutrophil apoptosis (Schwartz et al., 2012a), 

the apoptotic/necrotic rate of WT and CD200R-/- neutrophils during F. tularensis LVS 

infection was subsequently investigated. It was hypothesised that lack of CD200R 

expression may decrease neutrophil cell death, which may help explain the 

increased neutrophils seen in CD200R-/- mice during F. tularensis LVS infection.  

To test this hypothesis, primary WT and CD200R-/- neutrophils were infected with an 

average MOI F. tularensis LVS of 97 for 4 and 24 hours, followed by 2-colour 

viability staining with annexin V to stain for apoptotic cells and the cell-impermeable 

dye TO-PRO-3 to stain dead cells. This staining method allowed the identification of 

cells at different stages of cell death (Jiang et al. 2016). By flow cytometry it was 

possible to distinguish between live (TO-PRO-3- Annexin V-), pre-apoptotic  
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(TO-PRO-3- Annexin V+), apoptotic (TO-PRO-3low Annexin V+) and necrotic cells 

(TO-PRO-3hi Annexin V+) in WT and CD200R-/- neutrophils at 4 and 24 hours p.i. 

(Jiang et al., 2016)(Figure 5.9A and B respectively).  

There was no significant difference in percentage of live cells between uninfected 

and infected WT and CD200R-/- neutrophils at 4 hours p.i (Figure 5.9A and C). 

Similarly, there was no significant difference in percentage of pre-apoptotic or 

apoptotic cells between uninfected and infected WT and CD200R-/- neutrophils at  

4 and 24 hours p.i. (Figure 5.9B, D and E). Nevertheless, it was interesting to note 

Figure 5.8 | Increased F. tularensis LVS burden in primary CD200R-/--derived 
neutrophils. Primary bone marrow neutrophils were isolated from WT or CD200R-/- mice 
and infected with a mean F. tularensis LVS MOI 97 for 4 and 24 hours. A) Representative 
dot plots of F. tularensis LVS-infected neutrophils at 4 and 24 hours p.i. Samples were pre-
gated on live, single, CD11b+Ly6G+ cells. D) Quantification of F. tularensis levels in 
neutrophils  at 4 and 24 hours p.i. Data in B represents two independent experiments (n=6, 
3/group), while data in C represent one experiment (n=3). Data is shown as mean ± SD. 
Statistical analysis was performed using two-way ANOVA (*p<0.05, ns = p>0.05). 
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that there was a shift from pre-apoptotic cells at 4 hours p.i to apoptotic cells at  

24 hours p.i. (Figure 5.9A, B, D and E). Finally, no necrotic neutrophils were 

observed at 4h p.i.; however, there was a significant increase in necrotic  

F. tularensis LVS-infected WT neutrophils at 24 hours p.i compared to uninfected 

(Figure 5.9B and F).  

These data highlight an interesting aspect of F. tularensis LVS infection, with a high 

infectious dose only causing a small but significant increase in cell death when 

compared to uninfected neutrophils. This further supports the ability of F. tularensis 

LVS to prolong neutrophil lifespan in order to potentially increase immune evasion 

with the neutrophil. Nevertheless, these data show that there is no significant 

difference in cell death progression between WT and CD200R-/- neutrophils when 

infected with F. tularensis LVS, suggesting that other factors are contributing to an 

elevated LVS burden in CD200R-/- neutrophils.  

5.2.7  Primary WT and CD200R-/- neutrophils show no difference in 
degranulation responses after F. tularensis LVS infection 

Neutrophils are extremely efficient professional phagocytes, able to engulf and kill 

pathogens by various mechanisms (Segal et al., 1980, van Kessel et al., 2014).  

One method is via phagosomal fusion with neutrophil granules that release anti-

microbial proteins to kill engulfed pathogens. To further investigate the functional 

differences between WT and CD200R-/- neutrophils contributing to exacerbated  

F. tularensis burden, the expression of degranulation markers was used to broadly 

distinguish between granule subsets. LAMP-1 is expressed on late endosomes 

involved in the fusion of secretory vesicles to the plasma membrane, CD63 is 

expressed on primary granules and CD11b enhances degranulation of secondary 

and tertiary granules (Lacy, 2006, Ramadass and Catz, 2016).   

Expression of LAMP-1, CD63 and CD11b (Lacy, 2006, Naegelen et al., 2015) 

(Figure 5.10A, B & C respectively) was determined in primary WT and CD200R-/- 

neutrophils at 4 and 24 hours p.i.. There was no significant difference in mean 

fluorescence intensity (MFI) of degranulation markers in WT and CD200R-/- 

neutrophils at 4 hours p.i. There was an increase in MFI of LAMP-1, CD63 and 

CD11b at 24 hours p.i. (Figure 5.10A, B & C respectively), however there was no 

significant difference between WT and CD200R-/- neutrophils. This suggests that 

there were no differences in WT and CD200R-/- neutrophil degranulation in 

response to F. tularensis LVS infection in vitro.  



149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.9 | Monitoring the progression of cell death in WT and CD200R-/- neutrophils 
in response to F. tularensis LVS infection. Primary bone marrow neutrophils were 
isolated from WT or CD200R-/- mice and infected with a mean LVS MOI 97 for 4 and 24 
hours. Cells were stained with annexin V for 20 minutes, followed by another 10 minutes 
with the addition of a TO-PRO-3 stain. By flow cytometry we were able to distinguish at A) 
4 and B) 24 hours p.i. between live (TO-PRO-3- Annexin V-), pre-apoptotic (TO-PRO-3- 
Annexin V+), apoptotic (TO-PRO-3low Annexin V+) and necrotic cells (TO-PRO-3hi Annexin 
V+) in WT and CD200R-/- neutrophils. Quantification of percentage C) live, D) pre-
apoptotic, E) apoptotic and F) necrotic neutrophils at 4 and 24 hours p.i. Data represents 
two independent experiments and is shown as mean ± SD (n=6, 3/group). Statistical 
analysis was performed using two-way ANOVA (**p<0.01, ***p<0.001). 
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5.2.8  CD200R-/- neutrophils show aberrant ROS production in 
………………..response to F. tularensis LVS and PMA 

One of the key effector functions of neutrophils is their ability to produce powerful 

oxidative bursts through the production of reactive oxygen species (ROS).  

Oxygen is reduced through the NADPH oxidase complex which is assembled at the 

membrane following neutrophil activation, producing superoxide and hydrogen 

peroxide (Cross and Segal, 2004). As F. tularensis LVS has previously been shown 

to inhibit neutrophil reactive oxygen species (ROS) production through disruption of 

NADPH oxidase assembly (McCaffery & Allen 2006), the question was asked 

whether ROS production in response to stimuli was altered in CD200R-/- neutrophils.  

The ability of primary neutrophils to produce ROS in response to PMA stimulation 

was initially investigated. Primary WT and CD200R-/- neutrophils were treated with 

PMA (100 ng/ml) and dihydrorhodamine 123 (DHR123) (25 ng/ml) for 1 hour. 

DHR123 is able to diffuse into the cell where it is oxidized by ROS to cationic 

rhodamine 123, which in turn emits green fluorescence that can be measured by 

flow cytometry (Figure 5.11A). In order to allow for correct normalisation of results 

across experiments, data was presented as an oxidative index (MFI unstimulated / 

MFI stimulated) (O'Gorman and Corrochano, 1995). The data showed that  

CD200R-/- neutrophils had a significantly lower oxidative index, suggesting that 

these cells produce significantly less ROS in response to PMA than WT neutrophils 

(Figure 5.11B).  

 

Figure 5.10 | No differences in WT and CD200R-/- neutrophil degranulation in response 
to F. tularensis LVS infection. Primary bone marrow neutrophils were isolated from WT or 
CD200R-/- mice and infected with a mean F. tularensis LVS MOI 97 for 4 and 24 hours. Cells 
were labelled with neutrophil degranulation markers and analysed by flow cytometry. Mean 
fluorescence intensity (MFI) was measured for A) LAMP-1, B) CD63 and C) CD11b on WT 
and CD200R-/- neutrophils at 4 and 24 hours p.i. Data is representative of two independent 
experiments and is shown as mean ± SD (n=3). Statistical analysis was performed using 
two-way ANOVA. 
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As PMA has been shown to be a strong augmenter of neutrophil ROS production 

(Tyagi et al., 1988), it was important to investigate ROS production in the more 

specific context of F. tularensis LVS infection. WT and CD200R-/- neutrophils were 

infected with an average F. tularensis LVS MOI 113 and treated with DHR123, 

before measuring ROS production at 24 hours p.i. Unlike with PMA treatment, upon 

measuring DHR123 MFI it was noted that there were two distinct peaks of DHR 

positive and negative populations (Figure 5.12A). Therefore it was not possible to 

use oxidative index as described previously as a measure of ROS production. 

Instead DHR ratio (MFI DHR- / MFI DHR+) was used to determine ROS production. 

With this method it was observed that that the DHR ratio in CD200R-/- neutrophils 

was significantly lower compared to WT at 24 hours p.i. with F. tularensis LVS 

(Figure 5.12B). Interestingly, there was no significant difference in the percentage of 

DHR+ cells between WT and CD200R-/- neutrophils (Figure 5.12C); suggesting that 

the same amount of neutrophils are able to produce ROS, but subsequently 

produce less.            

Taken together, these findings suggest that neutrophils lacking CD200R exhibit 

dysfunctional ROS production in response to a stimulus such as PMA and  

F. tularensis LVS infection. Thus, reduced ROS production is likely contributing to 

the CD200R-/- neutrophils reduced ability to deal with F. tularensis LVS infection. 

 

Figure 5.11 | CD200R-/- bone marrow neutrophils exhibit reduced ROS production in 
response to PMA. Primary bone marrow neutrophils were isolated from WT or CD200R-/- 
mice. Cells were incubated for 15 minutes with Dihydrorhodamine 123 (DHR123) (25 ng/ml), 
followed by 1 hour stimulation with PMA (100 ng/ml). DHR123 is oxidized by ROS to cationic 
rhodamine 123, which in turn emits green fluorescence that can be measured in the FITC 
channel by flow cytometry. A) Representative histograms of FITC DHR123 expression in 
unstimulated (black) or PMA treated (red) neutrophils. B) Oxidative index was quantified 
using the following equation: MFI Stimulated/MFI Unstimulated. Data represents four 
independent experiments and is shown as mean ± SD (n=12, 3/group). Statistical analysis 
was performed using unpaired t-test (*p<0.05). 
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5.2.9  No difference in NET formation in WT and CD200R-/- neutrophils 
following 1 hour PMA stimulation 

Having concluded that CD200R-/- neutrophils show dysfunctional ROS production in 

response to PMA and F. tularensis LVS infection, other neutrophil functions that are 

associated with ROS were investigated. Neutrophil extracellular traps (NETs) have 

been described as an important mechanism by which neutrophils are able to 

capture and kill bacteria (Brinkmann et al. 2004); with further studies showing that 

NET formation (NETosis) is a ROS-dependent process (Fuchs et al. 2007).  

Thus, it was hypothesised that reduced ROS production in CD200R-/- neutrophils 

could also lead to a reduction in NETosis. 

WT and CD200R-/- neutrophils were incubated with PMA for 1 hour, before staining 

with the plasma membrane-impermeable DNA-binding dye SYTOX-Orange to 

detect the extracellular chromatin structures characteristic of NETs.  

The anti-microbial protein myeloperoxidase (MPO) was also used as a NET marker 

and would co-localise with SYTOX-Orange (Masuda et al. 2017). Thus MPO and 

SYTOX-Orange positive neutrophils were producing NETs (Figure 5.13A); however, 

there was no significant difference in the percentage of NETosis in WT and 

CD200R-/- neutrophils treated with PMA for 1 hour (Figure 5.13B).  

These data suggest that despite showing decreased ROS production in CD200R-/- 

neutrophils compared to WT, this does not influence other neutrophil effector 

Figure 5.12 | CD200R-/- bone marrow neutrophils exhibit reduced ROS production in 
response to F. tularensis LVS. Primary bone marrow neutrophils were isolated from WT or 
CD200R-/- mice and infected with a mean F. tularensis LVS MOI 113 for 24 hours and 
incubated with Dihydrorhodamine 123 (DHR123) (25 ng/ml) throughout the infection.  
A) Representative histograms of FITC DHR123 expression in infected WT (blue) and 
CD200R-/- (red) neutrophils. B) Quantitative analysis of the DHR123 ratio (MFI DHR+/MFI 
DHR-) for LVS-infected WT and CD200R-/- neutrophils. C) The percentage of DHR+ WT and 
CD200R-/- neutrophils at 24 hours p.i. with F. tularensis LVS. Data represents two 
independent experiments and is shown as mean ± SD (n=6, 3/group). Statistical analysis 
was performed using unpaired t-test (****p<0.0001). 
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functions of degranulation and NETosis. Thus, results in this chapter demonstrate 

that neutrophils are contributing to the enhanced F. tularensis burdens in lungs of 

CD200R-/- mice. This exacerbation is caused by an increased influx of neutrophils in 

CD200R-/- mice, which demonstrate a reduced ability deal with F. tularensis 

infection due to dysfunctional ROS production.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 | No differences in WT and CD200R-/- neutrophil NET formation in response 
to one hour PMA stimulation. Primary bone marrow neutrophils were isolated from WT or 
CD200R-/- mice and stimulated  for 1 hour with PMA (100 ng/ml). Cells were labelled with the 
plasma membrane-impermeant DNA-binding dye SYTOX-Orange and myeloperoxidase 
(MPO) to detect NET formation (NETosis) by flow cytometry. A) Representative dot plots of 
PMA-stimulated WT and CD200R-/- neutrophils, NETs are determined as MPO+ SYTOX+. B) 
Quantification of NETosis as percentage of MPO+ SYTOX+ WT and CD200R-/- neutrophils 
following 1 hour PMA stimulation. Data represents one experiment and is shown as mean  
± SD (n=3). Statistical analysis was performed using two-way ANOVA.   
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5.3  Discussion 

5.3.1  Neutrophil depletion in CD200R-/- mice during F. tularensis LVS 
infection 

5.3.1.1  Neutrophil depletion abrogates the increased F. tularensis LVS 
lung burden in CD200R-/- mice 

Chapter 4 suggested that neutrophils were the key contributors to an increased  

F. tularensis LVS burden in the lungs of CD200R-/- mice compared to WT.  

Thus, in Chapter 5 it was hypothesised that depletion of neutrophils in CD200R-/- 

mice would reduce the F. tularensis LVS burden seen in the lung. To this end, it was 

shown that α-Ly6G-mediated neutrophil depletion abrogated the significantly 

increased F. tularensis LVS burden in the lung seen in control IgG2a-treated 

CD200R-/- mice compared to WT (Figure 5.2C).  

Interestingly, neutrophil depletion in WT mice had no significant effect on bacterial 

burden in the lung. Furthermore, although α-Ly6G-treated mice exhibited increased 

weight loss compared to IgG2a-treated mice, this was not significant so cannot be 

considered as a sign of increased susceptibility to infection. These data are similar 

to findings of others who have showed that neutrophil depletion does not increase 

susceptibility to pulmonary F. tularensis LVS infection at day 4 p.i.  

(Conlan et al., 2002). In contrast, a more recent study has shown that depleting 

neutrophils at day 3 p.i. with pulmonary F. tularensis LVS leads to high susceptibility 

to infection, with neutrophil-depleted mice succumbing to infection at day 8 p.i. 

compared to 50% survival in untreated mice (Steiner et al., 2017).  

Although published data regarding the effect of neutrophil depletion on pulmonary  

F. tularensis LVS infection appears contradictory, interpreting the results as a whole 

must be done with caution due to the differences in methodology. Conlan et al. 

determined susceptibility to infection through measuring bacterial burdens at day  

4 p.i. (Conlan et al., 2002), which is much earlier than Steiner et al. who allowed the 

infection to run until as late as day 21 (Steiner et al., 2017). It is known that 

neutrophils are the prominent infected cell type the lung at day 3 p.i. with  

F. tularensis LVS (Hall et al., 2008); therefore depleting neutrophils at day 3 p.i. as 

Steiner et al. did, would kill a large population of infected cells and potentially lead to 

the simultaneous release of a large number of bacterium. The precise mechanism 

of antibody-mediated neutrophil depletion has not been well defined, however it has 

been suggested that phagocytosis of neutrophils by macrophages plays a central 
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role (Bucher et al., 2015, Bruhn et al., 2016). Thus, findings taken from depleting 

neutrophils during F. tularensis LVS infection may not fully represent the importance 

of neutrophils, but more so the response of macrophages to rapidly increased 

infection rates. It would be interesting to monitor the shift in infected cell populations 

when neutrophils are depleted at various times during F. tularensis LVS infection.  

Nevertheless, in the context of neutrophil depletion in CD200R-/- mice, the data in 

this chapter highlight the detrimental role that CD200R-/- neutrophils play in the lung 

during pulmonary F. tularensis LVS infection. There was significantly increased 

neutrophilia in IgG2a-treated CD200R-/- mice compared to WT, as well as elevated 

percentage of F. tularensis LVS infected neutrophils (Figure 5.3).  

Data was presented showing neutrophil infection as percentage of CD45+ cells 

rather than percentage of infected parent cells (as for other cell populations) to fully 

represent the extent of infection in neutrophil-depleted mice. Regardless, the lack of 

differences in rates of infection in other cell types following neutrophil depletion 

suggests that neutrophils are the key contributors to the infection phenotype seen in 

CD200R-/- mice. Furthermore, the small population of neutrophils that remained 

following depletion showed similar percentage of infection to the non-depleted 

neutrophil populations (data not shown), suggesting that neutrophil infection kinetics 

remain consistent regardless of quantity. Thus, this further suggests a dysfunction in 

CD200R-/- neutrophil effector functions driving the increased infection rate compared 

to WT.      

An important consideration to make is the limitations of using cell proportions as a 

percentage of CD45+ cells, rather than total cell numbers. Following neutrophil 

depletion, the proportion of cell populations will change dramatically due to the loss 

of neutrophils. Thus, the direct comparison of cell populations between IgG2a and 

α-Ly6G-treated must be taken with caution when only using cell proportions. Using 

total cell numbers would have provided a better representation on how cell 

populations changed during infection following neutrophil depletion 

5.3.1.2  Decreased bacterial dissemination following neutrophil 
depletion 

As well as the fascinating findings in the lungs following neutrophil depletion in 

CD200R-/- mice, it must also be noted that there was a significantly reduced 

bacterial burden in the spleen of neutrophil-depleted WT mice (Figure 5.2E). 

Interestingly, although Conlan et al. showed no difference in F. tularensis LVS 
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burden in the lungs of neutrophil-depleted mice, they did see a significant decrease 

in the bacterial burden in the liver and spleen following neutrophil depletion (Conlan 

et al., 2002). These data suggest that neutrophil depletion may also aid in 

controlling the dissemination of F. tularensis LVS to peripheral organs.  

This is interesting, as neutrophils have been shown to be important in stopping the 

dissemination of other respiratory bacterial infections. Lymph node neutrophils have 

been shown to intercept invading Staphylococcus aureus from the lung in order to 

prevent dissemination to the blood and peripheral organs (Bogoslowski et al., 2018). 

Similarly, neutrophil depletion led to increased susceptibility to Acinetobacter 

baumannii infection, characterised by elevated bacterial burdens in the lung and 

spleen (van Faassen et al., 2007). Interestingly, although not a respiratory infection 

model, another group have shown that neutrophils can aid in the dissemination of 

Streptococcus pyogenes through the formation of platelet-neutrophil complexes. 

Induced thrombocytopenia, a large reduction in platelet numbers, prior to infection 

led to a reduction in the formation of platelet-neutrophil complexes and 

subsequently significantly reduced bacterial dissemination (Kahn et al., 2013). 

Thrombocytopenia has been documented to occur in only a small number of 

patients suffering from F. tularensis infection (Weber et al., 2012); however the role 

of platelets during F. tularensis infection has not been studied. In the context of 

pulmonary F. tularensis infection, platelets have been shown to promote the 

recruitment of neutrophils to the lung during septic infections (Zarbock et al., 2006, 

Asaduzzaman et al., 2009). Therefore, it would be interesting to look at the platelet 

populations and their activity during pulmonary F. tularensis LVS infection following 

neutrophil depletion. Perhaps the reduced occurrence of thrombocytopenia in  

F. tularensis infection is increasing the formation of platelet-neutrophil complexes, 

aiding bacterial dissemination to peripheral organs.    

5.3.1.3  No gross changes in histopathology and pro-inflammatory 

cytokine response following neutrophil depletion  

Neutrophils have been shown to drive pathology during pulmonary F. tularensis, 

potentially through the expression of MMP-9 (Malik et al., 2007). However, upon 

depletion of neutrophils there was no significant difference in the severity of lung 

pathology in WT and CD200R-/- mice following F. tularensis LVS infection  

(Figure 5.4). Furthermore, there was no difference in the majority of lung cytokines 

measured following neutrophil depletion in WT and CD200R-/- mice (Figure 5.5). 

However, one striking difference was the significant increase in IL-17A production in 
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WT, but not CD200R-/- mice, following neutrophil depletion during F. tularensis LVS 

infection. IL-17A is a strong mediator of neutrophil recruitment in response to 

respiratory infection (Miyamoto et al., 2003). Therefore, these data could suggest in 

WT mice, but not CD200R-/-, the lack of neutrophils is driving pathways to 

compensate. However, this elevated expression of IL-17A does not correspond to 

any increased immune response or clearance of F. tularensis infection in WT mice.  

Similarly, others have found that IL-17 only contributes to neutrophil recruitment and 

not viral clearance during adenovirus type 1 respiratory infection (McCarthy et al., 

2014). Thus, the relevance of increased IL-17A expression following neutrophil 

depletion in the context of CD200R and F. tularensis LVS infection remains unclear. 

Nevertheless, the data in this chapter does highlight that pro-inflammatory cytokines 

may not be contributing significantly to changes in bacterial burden seen between 

WT and CD200R-/- mice. 

5.3.2  Mechanisms of CD200R-/- neutrophil effector functions 

5.3.2.1  F. tularensis LVS infection in primary CD200R-/- neutrophils 

To investigate the potential dysfunction in neutrophils that was causing this 

increased F. tularensis LVS infection rate in CD200R-/- mice compared to 

neutrophils in WT mice, neutrophils were isolated from the bone marrow in order to 

study them in an in vitro setting. Data in this chapter showed that although there 

was no difference in the initial uptake of F. tularensis LVS between WT and 

CD200R-/- neutrophils in vitro, there was a significant increase in the percentage of 

infected CD200R-/- neutrophils compared to WT at 24 hours p.i. (Figure 5.8). These 

data mirrored in vivo findings by showing a reduced ability of CD200R-/- neutrophils 

to deal with F. tularensis LVS infection. They also suggested that CD200R was not 

playing a role in the initial uptake of the bacteria in neutrophils, but was important 

during the phase of cytosolic replication and bacterial clearance. However, as 

discussed in previous chapters, it cannot be excluded that CD200R is interfering 

with the lag phase od F. tularensis growth in vitro that ultimately influences net 

bacterial growth. 

A similar trend was also observed when enumerating bacterial burden in 

neutrophils. However, these changes were not significant, potentially due to 

technical issues in the lysing of cells. Initially, neutrophils were lysed with normal 

distilled water in order to release intracellular bacteria, but this was yielding much 

lower bacterial counts than anticipated. This was later resolved by lysing neutrophils 

with distilled water at pH11 (Decleva et al., 2006), which provided a more accurate 



158 

 

measurement of internalised bacterial burdens. If this methodology was used from 

the start, significance as seen in flow cytometry analysis of infection may have been 

reached.     

It could also be argued that bone marrow-derived neutrophils are not a 

representative model of lung neutrophils. Indeed, it has been shown that the 

transcriptional profile of neutrophils is significantly changed during the transition 

from the bone marrow to sites of infection (Lakschevitz et al., 2015). These findings 

would suggest that bone marrow neutrophils might respond differently to lung 

neutrophils when challenged in vitro by F. tularensis LVS. Nevertheless, isolation of 

neutrophils from the lung would require digestion that could increase the activation 

of the neutrophils and alter natural responses to infection. Furthermore, the 

differences in neutrophil transcriptional profiles during infection and steady-state 

conditions must also be considered. It would be interesting to investigate differences 

in the responses to F. tularensis LVS between bone marrow-derived neutrophils 

isolated from healthy or F. tularensis LVS-infected mice. It could be explored 

whether neutrophils isolated from F. tularensis LVS-infected mice are more primed 

to deal with the infection, as well as determining whether this affected the 

dysfunctional response of CD200R-/- neutrophils.    

5.3.2.2  Dysfunctional effector functions in CD200R-/- neutrophils      

Findings from Chapter 4 and the start of Chapter 5 have strongly pointed towards a 

dysfunction in the ability of neutrophils lacking expression of CD200R to deal with  

F. tularensis LVS infection. Thus, in the latter parts of Chapter 5 the differences in 

neutrophil effector functions from WT and CD200R-/- mice were explored to 

determine the mechanisms behind the enhanced bacterial burden in CD200R-/- 

neutrophils.    

As discussed previously, there was no difference in the phagocytic ability of WT and 

CD200R-/- neutrophils against F. tularensis LVS. Thus, differences between WT and 

CD200R-/- neutrophils were likely to be involved in the control of net growth of  

F. tularensis LVS. As F. tularensis LVS has been shown to prolong the life of human 

neutrophils in order to increase survival and cytosolic replication (Kinkead and Allen, 

2016, Kinkead et al., 2017), it was investigated whether lack of CD200R affected 

neutrophil viability during infection. Using a novel flow cytometric protocol to monitor 

the progression of cell death (Jiang et al., 2016), it was determined that there was 

no difference in apoptosis or necrosis progression in WT and CD200R-/- neutrophils.  
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As survival of CD200R-/- neutrophils was not affecting F. tularensis LVS burdens 

(Figure 5.9), the main effector functions used by neutrophils to kill invading 

pathogens were investigated. The data demonstrated that CD200R-/- neutrophils 

exhibit significantly reduced ROS production in response to PMA stimulation and  

F. tularensis LVS infection compared to WT (Figure 5.11 & 5.12). This was 

determined by the oxidative index of a sample, by calculating the ratio between the 

DHR123 MFI of stimulated versus unstimulated neutrophils. This method has been 

used clinically to diagnose patients with CGD that are characterised by the reduced 

ability of their neutrophils to produce ROS, leading to recurrent infections 

(O'Gorman and Corrochano, 1995).  

Further investigations are required to elucidate the direct effect of CD200R on ROS, 

as it may not be influencing production but could be altering ROS clearance and 

scavenging. This could potentially be a more appropriate role for CD200R in line 

with maintaining cellular homeostasis, rather than driving production (Minas and 

Liversidge, 2006). This role for regulation of oxidative stress by CD200R is 

supported by findings that reduced expression of CD200 was accompanied by 

decreased oxidative stress in the brains of mice infected with Venezuelan equine 

encephalitis virus following melatonin treatment (Montiel et al., 2015). 

With regards to measuring ROS production during F. tularensis LVS infection, 

issues were encountered when determining the oxidative index as described 

previously. As uninfected and F. tularensis LVS-infected neutrophils were incubated 

with DHR123 for 24 hours, the uninfected neutrophils exhibited a single peak with a 

right shift in DHR MFI that suggested increased activation and increased ROS 

production (personal observation – data not shown). In contrast,  

F. tularensis LVS infection produced two distinct positive and negative neutrophil 

populations that had produced ROS. This finding was opposed to PMA stimulation 

where all neutrophils had produced ROS, and likely results from the ability of  

F. tularensis LVS to inhibit ROS production in neutrophils through disruption of 

NADPH oxidase assembly (McCaffrey et al., 2010). Thus, when calculating the 

‘oxidative index’ for F. tularensis LVS infected neutrophils the DHR MFI of DHR+ 

and DHR- neutrophil populations was used, hence why it was subsequently 

renamed as the DHR ratio. Regardless, the data showed that CD200R-/- neutrophils 

produced significantly less ROS in response to 24 hours of F. tularensis LVS 

infection when compared to WT neutrophils. 
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Additionally, there was no significant difference between the percentage of  

ROS-producing WT and CD200R-/- neutrophils. This was also an interesting finding, 

as it suggested that although the same proportion of CD200R-/- neutrophils are able 

to produce ROS compared to WT, they produce significantly less. Unfortunately, 

due to the protocol not allowing for fixation of neutrophils, the ability to 

simultaneously determine neutrophil bacterial burden by flow cytometry was not 

possible. This would have allowed better understanding of the distribution of  

F. tularensis LVS within neutrophils and their ability to produce ROS. As CD200R-/- 

neutrophils display a significantly enhanced bacterial burden in vitro compared to 

WT, it is most likely not as simple as infected neutrophils produce ROS.  

ROS production is one of the main microbicidal effector functions of neutrophils, 

with the other two important ones being degranulation and NETs. Given the heavy 

interactions between the three processes (Kolaczkowska and Kubes, 2013), it was 

interesting that there were no differences in expression of granule markers and NET 

formation between WT and CD200R-/- neutrophils. However, although the rate of 

degranulation does not seem to be affected (Figure 5.10), it could be that there is a 

difference in granule content between WT and CD200R-/- neutrophils. Granule 

subsets are classified by which granule proteins they contain (Kjeldsen et al., 1994). 

Primary granules contain MPO and neutrophil elastase (NE) that directly and 

indirectly crucial for neutrophil microbial activity (Eiserich et al., 1998, Klebanoff et 

al., 2013). Furthermore, tertiary granules contain matrix metalloproteinase 9 (MMP-

9) to aid in the degradation of extracellular matrix and increase neutrophil 

transmigration (Hager et al., 2010, Kolaczkowska and Kubes, 2013). Therefore, 

determining the levels of granule components may elucidate other factors 

influencing effector function in CD200R-/- neutrophils.     

NETosis has been shown to be heavily dependent on ROS production to trigger the 

translocation of NE to the nucleus and subsequently disrupt chromatin packaging 

(Papayannopoulos et al., 2010). Therefore it was surprising to see that reduced 

ROS production in CD200R-/- neutrophils did not lead to reduced NET formation 

when compared to WT neutrophils (Figure 5.13). Although this may suggest that 

NET formation was not altered in CD200R-/- neutrophils, NETs have been shown to 

take up to 3 hours to form (Fuchs et al. 2007), so increasing the PMA incubation 

time from 1 hour may yield different results. Additionally, recent studies have 

highlighted that certain respiratory pathogens may employ NET evasion strategies, 

through inhibition of NETosis, NET degradation and NET resistance, in order to 

confer increased immune protection form the host (Storisteanu et al., 2017). 
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Therefore, it would be interesting to investigate the formation of NETs in response 

to F. tularensis LVS to see whether such evasion strategies are used.         

 
5.4  Conclusion 

This final chapter demonstrated that that neutrophils were directly contributing to an 

increased F. tularensis LVS lung burden in CD200R-/- mice compared to WT. This 

was achieved through antibody-mediated neutrophil depletion abrogating the 

increased bacterial burden seen in the lungs of CD200R-/- mice. The mechanistic 

dysfunction of CD200R-/- neutrophil effector functions were explored, with such cells 

producing significantly less ROS in response to F. tularensis LVS infection 

compared to WT neutrophils. A reduced ability to produce ROS, and subsequently 

reduced microbicidal activity, would leave CD200R-/- neutrophil more susceptible to 

F. tularensis LVS infection. This dysfunctional effector function in CD200R-/- 

neutrophils, coupled with an excessive neutrophilia in CD200R-/- mice, provides a 

large replicative niche in the lungs of CD200R-/- mice to aid F. tularensis LVS 

replication and survival.     
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General Discussion 
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6.1  General Discussion 

Pulmonary homeostasis is essential in maintaining a balance between inflammatory 

response to harmful pathogens and tolerance to innocuous airborne antigens. 

Negative immune regulatory receptors play a critical role in controlling cellular 

responses in the airway by interacting with a variety of ligands and soluble factors, 

which make up the unique microenvironment in the airway lumen. This thesis aimed 

to investigate the role of negative immune regulators during F. tularensis infection, a 

highly virulent respiratory bacterium characterised by a dampened response during 

early stages of pulmonary infection. Preliminary studies highlighted CD200R, a 

potent negative regulator of alveolar macrophage activity, as potentially important 

during F. tularensis infection. Thus, it was hypothesised that F. tularensis was able 

to manipulate CD200R to elicit immune evasion and lack of this receptor would 

improve F. tularensis infectious outcome. 

Interestingly, data in Chapter 3 and 4 determined that CD200R did not influence 

early infectious outcome to F. tularensis, but in fact offered protection during the 

later stages of infection both in vitro and in vivo. CD200R-/- mice exhibited 

exacerbated pulmonary bacterial burdens compared to their WT counterparts, with 

alveolar macrophage activity initially predicted to be the most affected immune cell 

type in CD200R-/- mice due to high CD200R expression on WT alveolar 

macrophages. However, observations in Chapter 4 showed excessive neutrophilia 

and increased rates of neutrophil infection in CD200R-/- mice compared to WT, 

suggesting that neutrophils were driving the exacerbated pulmonary infection. 

Chapter 5 explored the mechanistic action of CD200R-/- neutrophils to better 

understand their reduced ability to deal with F. tularensis infection. It was 

hypothesised that lack of CD200R was causing a dysfunction in neutrophil effector 

functions crucial for pathogen killing and clearance, and that depletion of these 

dysfunctional neutrophils in CD200R-/- mice would abrogate the exacerbated 

pulmonary infection. This hypothesis was confirmed by showing that antibody-

mediated neutrophil depletion in CD200R-/- mice led to a decrease in pulmonary  

F. tularensis burden, with burden returning to levels observed in WT mice. 

Furthermore, CD200R-/- neutrophils displayed a reduced ability to produce ROS that 

could explain a reduced ability to clear F. tularensis infection. 

This thesis has defined an important role for CD200R in protection against 

pulmonary F. tularensis infection through the regulation of neutrophil recruitment 



164 

 

and ROS production (Figure 6.1). Lack of CD200R induces excessive neutrophilia 

in response to F. tularensis infection, but a reduced ability to produce ROS results in 

the dysfunctional CD200R-/- neutrophils acting as a replicative niche rather than 

aiding bacterial clearance in the lung. This subsequently drives an exacerbated 

pulmonary F. tularensis burden. Here additional questions raised by the findings 

presented in this thesis will be discussed, as well as highlighting the broader 

therapeutic implications of this research. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.1 | Lack of CD200R in mice causes exacerbated pulmonary  
F. tularensis infection via neutrophil-dependent mechanisms. Pulmonary challenge with 
F. tularensis LVS causes an excessive neutrophilia in the lung of CD200R-/- mice compared 
to WT. Due to a reduced ability of CD200R-/- neutrophil to produce ROS, they provide a 
replicative niche for F. tularensis LVS, leading to an increased burden in CD200R-/- 
neutrophils. This ultimately leads to an increased overall F. tularensis LVS burden in the lung 
of CD200R-/- mice compared to WT.   
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6.2  CD200R as a negative immune regulator during F. tularensis 
infection 

The initial hypothesis of this thesis was that due to the high expression of CD200R 

on alveolar macrophages, the initial niche of F. tularensis during early pulmonary 

infection, any differences in infectious outcome would be observed during the early 

stages of infection. However, this was not the case, raising the question of 

redundancy between regulatory pathways in airway alveolar macrophages. 

Although differential F. tularensis LVS burdens were observed during MH-S cell and 

BMDM infection assays upon manipulation of CD200R, this was not replicated in 

the more complex pulmonary environment found in vivo. This could be explained 

with the differences in the repertoire of receptor expression on MH-S cells and 

BMDM compared to alveolar macrophages (Brenner et al., 2016, Fernandes et al., 

2016).  

The wide variety of regulatory receptors and pathways present on alveolar 

macrophages which are important in maintaining airway immune homeostasis have 

been previously introduced (1.3.3 & Figure 1.3). It has been shown that STAT6, an 

important driver of Th-2 lung immunity and alternate activation of macrophages 

through IL-4 (Walford and Doherty, 2013), is significantly upregulated in draining 

lymph nodes of CD200-/- mice in response to inhaled antigen challenge (Taylor et 

al., 2005). Furthermore, CD200-Fc treatment induced alternative activation of rat 

macrophages but did not increase the expression of STAT6. Interestingly, STAT6 

has been shown to be a downstream effector of CD200R and is important in 

prompting expression of FoxP3 and contributing to tissue repair in microglia  

(Yi et al., 2016). These data suggest differences in STAT6 regulation and signalling 

even within the CD200R pathway; therefore it is possible that there is significant 

cross-over between other regulatory pathways. For example, the mannose receptor 

and Mertk have been shown to be heavily involved in alternate activation of 

macrophages regulated by IL-4 (Linehan et al., 2003, Zizzo et al., 2012).  

It is likely to be the case that in the absence of CD200R, other regulatory 

mechanisms are invoked to compensate during inflammation. Manipulation of these 

regulatory pathways specifically by F. tularensis in order to maintain a dampened 

immune environment during early infection could still be the case. It would be 

interesting to investigate the effect of inhibiting multiple pulmonary regulatory 

pathways during F. tularensis infection to better understand the role these 

regulatory pathways play. For example, it would be interesting to also inhibit SIRPα, 

which was also upregulated in MH-S cells during F. tularensis LVS infection, 
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although less so than for CD200R. Interestingly, SIRP-α can protect against cardiac 

hypertrophy through negative regulation of TLR4 signalling (Jiang et al., 2014). 

Similarly, a SIRP-α ligand, SP-A, has been shown to directly interact with TLR4 

(Yamada et al., 2006, Janssen et al., 2008). Typically, TLR4 is key in mediating 

LPS-induced signal transduction during bacterial infections (Chow et al., 1999), yet 

the host response to F. tularensis is primarily TLR2, not TLR4-mediated (Katz et al., 

2006). In addition to the unique structure of F. tularensis LPS eliciting a poor TLR4 

response (Gunn and Ernst, 2007), perhaps the modulation of regulatory pathways 

such as SIRP-α could further dampen the TLR4-mediated inflammatory response 

during infection.     

6.3  Secondary role for CD200R? 

After dismissing the initial hypothesis of CD200R expression on alveolar 

macrophages playing a role during early F. tularensis LVS infection, it was 

subsequently shown that CD200R was protective against F. tularensis in the later 

stages of infection. Furthermore, this protection was conferred through neutrophil-

dependent mechanisms. These findings, as well as the inconclusive data regarding 

the regulation of pro-inflammatory cytokine responses, may suggest a novel role for 

CD200R beyond its function as a negative immune regulator. 

Significant research regarding the role of the CD200:CD200R signalling pathway 

has been conducted in CD200-/- mice (Hoek et al., 2000, Costello et al., 2011, 

Karnam et al., 2012). However, this may have led to the assumption that CD200 

and CD200R solely function together. Interestingly, CD200-/- mice show increased 

susceptibility to influenza infection due to an exacerbated inflammatory response 

(Snelgrove et al., 2008); whereas CD200R-/- mice exhibit increased survival and 

viral clearance in response to influenza infection (Goulding et al., 2011).  

The authors explain these differences by highlighting the fact that CD200R has 

multiple variants that could bind to CD200. Therefore, knocking out only one 

inhibitory CD200R (CD200R1) variant would have different effects than knocking 

out the ligand CD200 that could bind multiple receptors. This could be the case; 

however it has been shown that CD200 does not bind to any other CD200R family 

variants other than CD200R1 (Wright et al., 2003, Hatherley et al., 2005). Therefore, 

another alternative could be that there is a novel function for CD200R yet to be fully 

elucidated.     

Downstream targets of CD200R signalling Dok1 and Dok2 have been shown to play 

opposing roles when phosphorylated by CD200R. Dok1 can inhibit Dok2 activity, 
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which is the main effector of Ras signalling inhibition, in turn creating a negative 

feedback loop (Mihrshahi and Brown, 2010). Interestingly, Dok1/2 double knockout 

mice develop leukemia and have altered myelopoiesis independent of CD200R 

signalling (Rijkers et al., 2007). If the specific downstream signalling pathways of 

CD200R can function independently of receptor-ligand binding, perhaps there could 

be different functional roles for CD200R itself beyond its immunosuppressive 

activity. 

6.4  Exacerbated recruitment of neutrophils  

The critical role of neutrophils during pulmonary F. tularensis LVS infection in 

CD200R-/- mice became evident when excessive neutrophilia in the lung was 

observed from day 3-5 p.i. Neutrophil recruitment to the site of inflammation is an 

established process characteristic of many infections, including F. tularensis 

(Haraoka et al., 1999, van Faassen et al., 2007, Hall et al., 2008, Craig et al., 2009). 

A significantly increased level KC and IL-17A was observed in CD200R-/- mice at 

day 7 p.i., both of which can contribute to neutrophil recruitment (Frevert et al., 

1995, Flannigan et al., 2017). These data could explain the later recruitment of 

neutrophils; however neutrophil infiltration began at day 3 p.i. before any cytokines 

were detected. Furthermore, the finding in Chapter 5 of increased IL-17A 

expression only in WT mice following neutrophil depletion raises questions about 

the role of cytokines during the excessive neutrophil recruitment in CD200R-/- mice. 

Chemokines and chemokine receptors also play an important role in the migration 

of neutrophils out of the bone marrow and to the sites of infection (Kolaczkowska 

and Kubes, 2013). Colleagues have demonstrated by RNA sequencing that multiple 

cellular chemoattractants, including CXCL2, CCR2 and CCL9, are significantly 

upregulated in CD200R-/- neutrophils at steady state compared to WT (personal 

communication, M.E. Fife). CXCL2 can induce the recruitment of distinct  

pro-inflammatory neutrophils (Christoffersson et al., 2012). Similarly, the receptor for 

CXCL2, CXCR2, can positively regulate neutrophil trafficking from the bone marrow 

(Eash et al., 2010). If lack of CD200R induced the upregulation of CXCL2 in the 

bone marrow at steady state, neutrophils would be primed for increased migration to 

the site of infection, potentially explaining the excessive lung neutrophilia in 

CD200R-/- mice.     
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6.5  Neutrophil cross-talk with other cell types  

The mechanisms behind the excessive neutrophilia in CD200R-/- mice in response 

to F. tularensis LVS are an interesting avenue to be investigated further. However, 

the role of CD200R on other cell types and their interaction with neutrophils during 

infection must also be considered. It has been shown that tissue resident 

macrophages produce the neutrophil chemoattractants KC and MIP-2 through  

TLR-mediated signalling (De Filippo et al., 2008). Although low levels of cytokine 

production was observed in early F. tularensis infection, further investigation of the 

early cytokine response of macrophages in WT and CD200R-/- mice may shed light 

on the interactions with neutrophils.  

Furthermore, direct interactions between neutrophils and other cells types, such as 

epithelial cells, alveolar and interstitial macrophages and even T cells, in the 

infected lung environment of CD200R-/- mice may influence infectious outcome. 

Neutrophil death during infection is often cleared by macrophage phagocytosis 

(Silva, 2011). Perhaps the lack of CD200R on neutrophils or macrophages can 

disrupt the symbiotic relationship of these cell types during bacterial clearance. 

Furthermore, CD200 can be expressed on alveolar epithelial cells and has been 

primarily thought to bind to CD200R expressed on alveolar macrophages in the 

airway (Snelgrove et al., 2008, Jiang-Shieh et al., 2010). However, due to the loss 

of alveolar macrophages through the course of F. tularensis infection, it could be 

possible that neutrophil effector functions are further modulated around the airway 

through interactions with CD200-expressing cells.  

Although this thesis has focused solely on the innate immune response, the 

subsequent adaptive immune response to F. tularensis in CD200R-/- mice should be 

investigated. As well as myeloid cells, CD200R is strongly expressed on CD4+  

T cells (Rijkers et al., 2008). Interestingly, CD200-/- mice exhibit enhanced  

T cell-mediated pathology against influenza infection (Rygiel et al., 2009). With 

neutrophils being the main F. tularensis-infected cell type, the subsequent 

interactions with T cells in the context of CD200R signalling and their role in shaping 

the adaptive response would be interesting to investigate further. 

6.6  CD200R and neutrophil effector functions  

The final hypothesis of this thesis was that CD200R-/- neutrophils exhibited a 

dysfunction in crucial effector functions, limiting their ability to control F. tularensis 

burdens. It was subsequently shown that CD200R-/- neutrophils produced less ROS 
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than WT neutrophils, ultimately causing an exacerbated F. tularensis LVS burden in 

the lungs of CD200R-/- mice. Interestingly, it was also determined that the reduced 

ROS production in CD200R-/- neutrophils was not associated with reduced NET 

formation or expression of granule markers. As there is a close dependency 

between these three neutrophil effector functions, it was surprising to see that only 

ROS production was dysfunctional. Of course, a deeper investigation into NET 

formation at different time points, as well as measurement of granule content, may 

elucidate further abnormalities in CD200R-/- neutrophil effector functions.    

It would be beneficial to monitor ROS production by neutrophils in vivo during  

F. tularensis LVS infection, allowing the confirmation of whether findings in vitro are 

supported in the complex environment of the infected lung. Similarly, differences in 

macrophage infection rates in vitro and in vivo were observed, which could well be 

explained through ROS production. Macrophages are also able to produce ROS 

during phagocytosis of invading pathogens (Aderem and Underhill, 1999); however, 

ROS also plays an important role in the differentiation of alternatively activated 

macrophages (Zhang et al., 2013). The anti-inflammatory phenotype of alternatively 

activated macrophages has also been shown to reduce neutrophil recruitment 

during wound repair (Campbell et al., 2014). If CD200R-/- macrophages also 

exhibited reduced ROS production, it could affect the rate of alternative activation  

in vivo and influence neutrophil recruitment during F. tularensis infection. 

6.7  Targeting neutrophils and CD200R during respiratory  

F. tularensis infection    

Chapter 4 investigated the therapeutic efficiency of CD200-Fc towards F. tularensis 

LVS, and discussed the potential treatments of CD200-Fc in combination with 

antibiotics. The mechanism of function behind multiple CD200-Fc treatments has 

been through targeting the pro-inflammatory response to infection (Snelgrove et al., 

2008, Sarangi et al., 2009); however, data in this thesis have suggested that the 

inflammatory response may not be contributing to infectious outcome in the context 

of CD200R deficiency. Therefore, investigating the direct effect of CD200-Fc on the 

modulation of neutrophil effector functions could potentially be a more viable 

therapeutic option. If CD200R signalling via CD200 influences ROS production in 

neutrophils, increasing ROS production may prove beneficial in clearance of  

F. tularensis infection. Treatment of M. tuberculosis infection in BALB/c mice with 

Clofazimine, an immunosuppressant known to increase ROS production  

(Yano et al., 2011), efficiently reduced lung bacterial burden (Irwin et al., 2014).  
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It is known that F. tularensis is able to inhibit ROS production in neutrophils through 

disruption of NADPH oxidase assembly (McCaffrey et al., 2010). Thus, targeting 

ROS production through CD200R signalling may be an attractive therapeutic target 

not only against F. tularensis LVS, but other respiratory pathogens. 

These findings could also have implications on other attempts to treat inflammation 

and inflammatory disorders with CD200-Fc modulation. As introduced previously 

(1.6.4), CD200-Fc has been shown to have beneficial effects in the treatment of 

influenza-induced inflammation (Snelgrove et al., 2008), severe arthritis (Simelyte et 

al., 2008) and allograft and xenograft survival (Gorczynski et al., 1999). 

Nevertheless, in the light of the findings in this thesis regarding the positive 

modulation of ROS production by CD200R, future studies modulating the CD200R 

must take into account potential pro-inflammatory actions of the signalling pathway.  

Similarly, excessive neutrophil recruitment has been shown to contribute to the 

pathology in multiple diseases and infections such as F. tularensis (Malik et al., 

2007), M. tuberculosis (Almeida et al., 2017), respiratory syncytial virus 

(RSV) (Stoppelenburg et al., 2013), chronic obstructive pulmonary disease (COPD) 

(Hoenderdos and Condliffe, 2013), asthma (McDougall and Helms, 2006) and 

cancer (Powell and Huttenlocher, 2016). Therefore, improving understanding of the 

role CD200R plays during neutrophil recruitment could have major therapeutic 

implications. Clinical trials involving CXCR2 antagonists to reduce the level of 

neutrophil recruitment have shown promising results in in COPD patients  

(Rennard et al., 2015), but not in treatment of chronic asthma (O'Byrne et al., 2016). 

These findings suggest there is still scope to explore different avenues of targeting 

neutrophil recruitment, of which CD200R may be an interesting alternative.  

6.8  Future directions   

This thesis has investigated the role of CD200R during pulmonary F. tularensis LVS 

infection; however it would be interesting to explore its role in response to challenge 

with the more virulent F. tularensis Schu S4. Some important differences between 

the response to pulmonary F. tularensis Schu S4 and LVS infection were introduced 

previously (1.2.7). In the context of the findings in this thesis, F. tularensis Schu S4 

infection is associated with recruitment of large number of immature myeloid cells to 

the lung, which subsequently fail to mature and die. This necrotising inflammation 

ultimately leads to overt pulmonary pathology and host death. In contrast,  

F. tularensis LVS was associated with recruitment of mature neutrophils and 

monocytes associated with protection against lethal bacterial infection  
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(Periasamy et al., 2016). Similarly, a highly virulent M. tuberculosis strain induces 

enhanced neutrophil recruitment and necrosis compared to the less virulent 

laboratory strain (Almeida et al., 2017). These data suggest the robust host 

response and increased cell death against virulent strains are the cause of 

excessive pathology and death. It would be interesting to understand whether 

modulation of the CD200:CD200R pathway, in an increased pro-inflammatory 

environment, would help improve infectious outcome.  

This thesis has demonstrated that CD200R plays a protective role during pulmonary 

F. tularensis LVS through neutrophil-dependent mechanisms, however the effect of 

using a global CD200R-/- mouse must also be taken into account. It has been shown 

that the CD200:CD200R pathway may play a role in the development of rat lung 

microvasculature and microglial development in the brain (Shrivastava et al., 2012, 

Tsai et al., 2015). Although the phenotypic changes of global CD200-/- and  

CD200R-/- mice are subtle, suggesting limited developmental implications (Hoek et 

al., 2000, Boudakov et al., 2007), the fundamental changes to the lung environment 

may only become apparent during inflammatory challenge. It would be beneficial to 

investigate the infectious outcome of pulmonary F. tularensis infection in inducible, 

cell-specific, CD200R deficiencies. This would not only remove the potential 

developmental bias of global knockouts, but also help elucidate the differences in 

CD200R-mediated cellular response between macrophages and neutrophils. 

Similarly, shielded chimeras of WT and CD200R-/- mice in which lung-protective 

ablation of bone marrow is achieved could provide insight into the differences 

influencing neutrophil influx during F. tularensis infection (Janssen et al., 2010). This 

may elucidate whether CD200R specifically affects neutrophil retention in the bone 

marrow or alternatively affects chemoattractant secretion by tissue resident 

macrophages.  

6.9  Thesis conclusion   

In concluding this thesis, the overarching aims initially outlined must be answered. 

Does CD200R play a role in the early immune suppression during F. tularensis 

infection? This thesis has demonstrated that CD200R does not play a prominent 

role during early pulmonary F. tularensis LVS infection, but offers significant 

protection during later stages of infection. CD200R-/- mice exhibited an exacerbated 

pulmonary F. tularensis LVS burden, characterised by excessive neutrophilia and 

an increase in F. tularensis-infected neutrophils. Which leads to the second aim: 

What are the mechanisms by which CD200R influences infectious outcome? The 
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data in this thesis has established that the pulmonary burden in CD200R-/- mice was 

dependent on neutrophils, with antibody-mediated neutrophil depletion abrogating 

the exacerbated burden. Furthermore, a potentially novel role for CD200R in the 

regulation of neutrophil effector functions has been highlighted. CD200R-/- 

neutrophils showed reduced ROS production compared to WT, ultimately 

contributing to an inability to deal with F. tularensis infection and an exacerbated 

pulmonary F. tularensis burden. 

This thesis has highlighted areas of CD200R activity beyond its role as a negative 

immune regulator. These findings have opened the door for exciting opportunities to 

investigate the therapeutic potential of targeting neutrophils and CD200R signalling 

in the treatment of not only pneumonic F. tularensis infection, but also other 

pulmonary disorders.       
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