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Abstract. 
 

Influenza A virus (IAV) is an extremely relevant human pathogen, infecting ~10% of 

the global population annually. Although most of the infected individuals merely 

experience transient disease, the effect on the lung environment may be more 

prolonged. The aim of this thesis was to study persistent consequences of this 

common viral infection, which may include an altered responsiveness to unrelated 

pathogens. This was achieved by the characterisation of the lung, and challenge of 

mice with an antigenically distinct pathogen at one-month post-influenza infection.   

 Initially, we demonstrated that mice displayed an increased protection to the 

bacteria Streptococcus pneumoniae after recovery from influenza infection. This 

was accompanied by a significant increase in the number of alveolar macrophages 

(AMs) in post-influenza lungs. Influenza-experienced macrophages were 

demonstrated to be central to protection, as their adoptive transfer could confer 

protection to naïve mice. Despite minimal differences between these cells at the 

steady state, AMs isolated from post-influenza lungs produced >10fold higher 

amounts of cytokines from secondary genes (IL-6, CSF3), but equivalent amounts 

of cytokines from primary genes (TNFα, CXCL1). Next, we developed a chimeric 

mouse model in which the origin of AMs could be characterised. Using this 

approach, we determined that alveolar macrophages were partially comprised of 

monocyte-derived cells, following their depletion and replenishment during acute 

influenza. Monocyte-derived macrophages were exclusively responsible for the 

increased production of IL-6 post-influenza, and were required for the subsequent 

protection against S. pneumoniae infection. 

This work demonstrates prolonged consequences of a single exposure to a 

transient viral infection, and provides in vivo evidence for a sustained altered 

responsiveness in innate immune cells, as a consequence of their origin. 

This phenomenon has major implications for humans, who are exposed to multiple 

respiratory infections, both simultaneously and sequentially.  
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Impact Statement 
 

Over 700 million people experience, and recover from influenza every year, yet 

little is known about the impact that this has on the immune state of the lung, or on 

subsequent infections. The immunologically naïve mice in which the majority of 

research is conducted is far removed from the human situation, in which individuals 

encounter multiple respiratory insults and over the course of a season, year and 

lifetime. A major impact of the research presented in this thesis was to demonstrate 

the long lasting effects of a transient, self-resolving influenza infection, by using a 

mouse model that furthers understanding of the human response to influenza. This 

work emphasises the scientific need to consider expanding on for certain models of 

infection to increase the relevance and translational potential of basic research.  

A key finding of this project was that during influenza infection, monocytes 

differentiated into alveolar macrophages, with functional consequences for the lung. 

Although we have demonstrated these cells to be beneficial in the context of a 

subsequent Streptococcus pneumoniae infection, it is possible that these 

monocyte-derived macrophages could contribute to sustained and excessive lung 

inflammation in a chronic model of inflammation, such as chronic obstructive 

pulmonary disease (COPD). COPD is a global health problem, and determined by 

the WHO to be fifth leading cause of death in 2002. The RNA-seq data that we 

have obtained as part of our characterisation of monocyte-derived macrophages 

could aid the identification of these cells in human pulmonary diseases.   

As part of this thesis, our infection model has highlighted a sexual 

dimorphism in the protection afforded by influenza against bacterial infections. 

Despite a wealth of epidemiological studies that report sexual dimorphism in viral 

and bacterial models, this needs to be more directly addressed in mouse studies to 

identify potential avenues of in developing personalised human therapies. Females 

experience a higher severity of influenza infection compared to males, which may 

be relevant to altered lung responsiveness following viral clearance.  

 Overall, this work has challenged the previous assumption that (with the 

exception of adaptive immunity) the lung resets to a pre-infection state. This 

contributes to a shift in our understanding of the impact of infectious diseases, and 

consequences for human health.   
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Chapter 1. Introduction 

1.1 Influenza 

1.1.1 Influenza A virus 

A virus was identified as the causative agent for influenza infection in 1933 

by Smith and Andrewes following an epidemic. Fluids obtained from the upper 

respiratory tract of sick humans were filtered and inoculated into ferrets, which 

subsequently contracted the disease (Smith et al., 1933). Already, principal 

features of the Influenza A virus were well described; including the airborne 

transmission, intranasal route of infection, and the ability of sera from an 

immunised ferret to neutralise virus. Since this identification, knowledge of viral 

biology and disease has developed.  

 Influenza A virus is a member of the Orthomyxoviridae family, comprised of 

seven negative sense RNA viruses: the Isavirus, Thogotovirus and Quaranjavirus, 
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and Influenza A, B, C and D viruses. Although influenza species have a common 

ancestry, they are now genetically divergent to the extent where exchange of 

genetic material between species cannot occur. Influenza D is known to only infect 

cattle, and is a close relative of Influenza C, which only causes mild disease in 

humans. There are two described subtypes of Influenza B which cause seasonal 

illness in humans, but Influenza A virus remains the causative agent of many 

human epidemics and pandemics, and is a common human respiratory pathogen. 

The vaccine for seasonal influenza contains inactivated virus, typically from two 

subtypes of influenza A, and one or two subtypes of influenza B (Centers for 

Disease Control and Prevention (2017).    

 The influenza A virion contains 8 segments of viral RNA, which codes for up 

to 11 proteins. The surface glycoproteins hemagglutinin (HA) and neuraminidase 

(NA) are involved in viral attachment to and release from host cells respectively. 

Currently, 18 HA and 11 NA variants have been described, and the expression of 

these serve as the basis of IAV characterisation, e.g. H1N1, H3N2. Together with 

the ion channel M2, HA and NA comprise the viral envelope, underneath which sits 

a matrix of M1 protein, enveloping the viral core. Within the viral core, NP coats the 

segmented viral RNA (vRNA), which is transcribed by a heterotrimic RNA-

dependent RNA polymerase (comprised of the products of viral segments; PA, PB1, 

PB2). Genes involved in nuclear export of RNA (NEP/NS2) are also encoded within 

the viral genome. Other viral proteins, such as NS1, have been described to 

modulate the host inflammatory response, and contribute to pathogenicity. The 

presence of an additional protein (PB1-F2), is suggested to be responsible for 

pathogenicity in some viral strains, although PB1-F2 is not universally present 

(Trifonov et al., 2009).  

 IAV is highly capable of antigenic variation, making it a continual infectious 

threat. This occurs via both antigenic shift, and antigenic drift. Antigenic drift 

describes the minor mutations, which continually accumulate within a viral strain, 

due to the low fidelity of the viral polymerase during transcription of the negative 

sense RNA. Mutations may result in alterations in the antigenic surface 

glycoproteins HA or NA, which evade pre-existing host immunity. Dramatic 

variation of influenza subtype can result from the less frequent phenomenon of 

antigenic shift. Influenza virus has a segmented genome, which allows genetic 

exchange between viral strains, in a process called antigenic shift. This can occur 
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in a co-infected cell by re-assortment, forming a novel antigenic variant of influenza 

to which no pre-existing human immunity occurs, and as such can result in rapid 

dissemination. Such re-assortment may occur in any one of the animal hosts of 

influenza virus. Zoonotic transmission of avian, or swine viruses is well known, but 

influenza is also capable of infecting dogs, horses and bats. A major determinant of 

viral host tropism is the specificity of cell receptors required for viral entry. 

Hemagglutinin orchestrates viral entry through recognition of sialic acids on airway 

epithelial cells. Avian and human hemagglutinin display differential preferences for 

sialic acid receptors, contributing to species specificity (Cauldwell et al., 2014).  

 

1.1.2 Influenza disease in humans 

 Humans are susceptible to many strains of influenza infection, and both 

seasonal and pandemic strains have been responsible for significant human 

mortality (Iuliano et al., 2018). In an infected individual, influenza typically manifests 

with respiratory symptoms, including cough and nasal congestion along with 

systemic symptoms of fever, myalgia and lethargy. This can progress to viral 

pneumonia, and acute respiratory distress syndrome (ARDS), which may require 

hospitalisation and mechanical ventilation (Rello and Pop-Vicas, 2009). The 

influenza pandemic of 1918 was responsible for upwards of 40 million deaths 

(Patterson and Pyle, 1991). Although subsequent pandemics have been less 

catastrophic, The WHO estimates that despite attempts at vaccination, seasonal 

influenza still infects over one billion people annually, resulting in 3-5 million cases 

of severe illness, and 290-650,000 deaths ((WHO), 2018). Some groups are more 

susceptible to influenza-induced mortality, including the over 65s (Thompson et al., 

2003), and children under 5 (Nair et al., 2011). Mortality during the H1N1 influenza 

pandemics, such in the case of the 1918 Spanish flu, and the 2009 pandemic have 

been disproportionally represented in young adults relative to seasonal epidemics 

(Karageorgopoulos et al., 2011, Lemaitre et al., 2012). This may be as a result of 

cross-protection in an older generation, or may result from viral-induced 

immunopathology, as a result of a vigorous immune response (Hancock et al., 

2009, Gostic et al., 2016, Taubenberger and Morens, 2006).  
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1.1.3 Influenza disease in animals 

 Due to the high health burden and potential of pandemic outbreak, influenza 

virus and host immune response remains the subject of intense research. While 

human studies are necessary for the development of vaccines and anti-virals 

(Hayden, 2012, Balasingam and Wilder-Smith, 2016), confounding factors including 

diverse host genetics and infection history must be accounted for. Laboratory 

models of in vivo and in vitro infection are utilised to study many aspects of 

influenza virus, with the appropriate model chosen for the question. In vitro systems 

include the use of primary human and murine airway epithelial cells. Cultures can 

be obtained directly from human patients or mice, including genetically modified 

animals. Basal cells will differentiate into goblet, mucus-secreting and motile 

ciliated cells to reproduce the environment of the host respiratory tract. Airway 

epithelial cells are the preferential cell type for influenza infection and replication, 

and important in the initiation of the immune response. In this way, early events in 

influenza infection can be investigated in a representative system.  

To study multi-parameter responses of the immune system in depth, 

influenza infection must be investigated in an entire organism. Ultimately, this must 

be a host that is susceptible to infection, and representative of the human situation. 

The quintessential animal host for representing human infection is considered to be 

the ferret or guinea pig. The ferret was the only susceptible host of “many different 

species” that Smith, Andrewes and Laidlaw tested in their initial characterisation of 

the influenza virus (Smith et al., 1933). Ferrets and guinea pigs are naturally 

susceptible to many strains of human influenza (Bouvier and Lowen, 2010), and 

are capable of aerosolised and direct contact-contact transmission of influenza 

viruses, another feature that mimics human infection (Lowen et al., 2006, Smith et 

al., 1933). Although ferrets display characteristic symptoms of respiratory infection 

(Francis, 1934, Smith et al., 1933), guinea pigs do not exhibit overt clinical illness. 

Despite high viral titres and significant histopathological changes guinea pigs 

exhibit only a “mild listlessness” when infected with a highly pathogenic human 

strain (Kwon et al., 2009), making them a poor model in which to study influenza 

overall. Similarly, ferrets are not often used due to their husbandry, high costs and 

size of the animal.  
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Mice provide a favourable system for the research of many human 

infectious diseases, due to the similarity of mammalian genomics and anatomy, the 

easy manipulation of genetics, and relatively fast reproduction and generation time 

of these animals. Additionally, their husbandry and cost allows for experiments with 

larger animal numbers, allowing extensive study of multiple aspects of infection. 

Recent controversy has surrounded the direct translation of mouse research into 

humans (Perlman, 2016, Tao and Reese, 2017). Indeed, the susceptibility of 

laboratory mice to influenza is dependent on the viral, and mouse strain. The 

susceptibility of laboratory mice to influenza may in part by defined by their lack of 

a functional Mx gene (Mx1). Mx1 is an anti-viral factor induced by influenza 

infection, and laboratory inbreeding has resulted in a number of large deletions and 

nonsense mutations in this gene, rendering the protein non-functional (Staeheli et 

al., 1988). The paramount importance of this gene in mice is demonstrated 

following the introduction of a human MxA, or functional mouse Mx1 into laboratory 

strains. Functional Mx1 increases the host resistance to influenza by 100-1000 fold 

in mice (Grimm et al., 2007, Tumpey et al., 2007). The link between Mx in 

protection from influenza and humans is less well defined, although there may be a 

greater role for Mx in avian strains of influenza, compared to human strains (Deeg 

et al., 2017, Ciancanelli et al., 2016). Human viruses have evolved in the presence 

of Mx1 as a restriction factor, and have therefore evolved mechanisms to evade 

this defense strategy. This may explain the lack of protection afforded by Mx in 

humans compared to mice, which are not natural hosts of IAV (Deeg et al., 2017).  

Therefore, by use of mouse-adapted strains of influenza, and proper 

attention to the limits of this model, this system has already provided valuable for 

extensive immunology research. 

   

1.2 The immune response to influenza 

1.2.1 Viral recognition 

As with other pathogens, the immune response to influenza is initiated following 

recognition of viral pathogen-associated molecular patterns (PAMPs) by host 

pathogen recognition receptors (PRRs). As influenza is transmitted via aerosol, and 
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infects the upper respiratory tract, this process begins in the primary infected cell, 

the airway epithelial cells.  

Three major classes of influenza virus sensors have been characterised, and the 

precise recognition is dependent on cell type, cellular location and signal 

integration. Epithelial cells, as well as macrophages and dendritic cells, employ the 

cytoplasmic RLR sensor; retinoic-acid inducible gene-1 (RIG-1) (Kato et al., 2005). 

RIG-I recognises 5’-triphosphate single-stranded RNA (ssRNA) that is generated 

by viral replication (Hornung et al., 2006). Following the recognition of the viral 

ligand, RIG-I interacts with the signalling adaptor MAVS (Mitochondrial antiviral 

signalling protein), which leads to the activation and downstream signalling of IRF 

kinases TBK1 and IKK epsilon. TBK1 and IKK epsilon phosphorylate the 

transcription factors IRF3 and IRF7, inducing their nuclear translocation. 

Phosphorylated IRF family members co-operatively bind with other transcription 

factors, such as NF-κβ and cjun/ATF-2 to induce the transcription of genes 

including IFNα and IFNβ, which subsequently signal to initiate an antiviral state in 

infected and neighbouring cells. The importance of influenza detection by RIG-I is 

emphasised by the viral mechanisms that have evolved to interfere with this 

pathway (Gack et al., 2009).   

 The production of IFNα has also been observed following the engagement 

of another viral sensor in plasmacytoid dendritic cells (pDCs). This immune cell is 

exclusive in its ability to recognise influenza via an endosomal receptor. In humans, 

this is toll-like receptor 8 (TLR8), but more prominently TLR7 (Toll-like receptor 7) 

in the mouse, as murine TLR8 is thought to be non-functional (Jurk et al., 2002, 

Hemmi et al., 2002). The detection of viral ssRNA by TLR7 leads to the 

downstream induction of the adaptor protein MyD88, which can induce the 

production of pro-inflammatory cytokines or IFNα via NF-KB or IRF7 signalling 

respectively (Diebold et al., 2004, Lund et al., 2004).  

Additionally, the activation of NLRP3 and subsequent ASC-dependent 

caspase 1 activation (collectively known as the inflammasome) is central to the 

recognition of, and response to influenza A virus. Production of the pro-

inflammatory cytokines IL-1β and IL-18 by epithelial and hematopoietic cells 

strongly promotes cellular recruitment to the lung, and induces cytotoxic CD8 T-cell 

activation for efficient viral clearance (Ichinohe et al., 2009, Kanneganti et al., 2006, 

Pirhonen et al., 2001). Cytokine production by the inflammasome requires two 
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signals, firstly to induce the production of pro-IL-1β, pro-IL-18 and NLRP3, and 

secondly to activate capsase 1 to cleave these proteins into their mature form. 

Although the precise molecular recognition of influenza by NLR (nucleotide-binding 

oligomerisation domain-like receptor) has yet to be elucidated, this signal is reliant 

on ASC- and capsase 1 (Ichinohe et al., 2009).  

 

1.2.2 The immune response to influenza 

The route of entry for Influenza A virus is the respiratory tract. Therefore, the 

primary cell which it encounters, and the cell within which it preferentially replicates 

is the airway epithelial cell (van Riel et al., 2007). Given their location, other 

immune cells such as macrophages are susceptible to infection by influenza virus, 

but for many viral strains they do not appear to be sites of productive replication 

(Yu et al., 2011). Viral recognition induces the downstream production of Type I 

and Type III interferon. Interferons represent the prototypical anti-viral cytokines, 

named as such due to their ability to interfere with viral infection (Isaacs and 

Lindenmann, 1957). This action results from the huge suite of anti-viral genes 

induced downstream of IFN signalling. For instance, Mx genes and OAS genes 

inhibit viral entry, replication and exit (Sadler and Williams, 2008). Type II IFN 

(IFNγ) is produced during influenza infection (Sun and Metzger, 2008), yet the 

absence of this cytokine does not affect viral clearance (Graham et al., 1993, 

Turner et al., 2007, Prabhu et al., 2013). In contrast, Type I and Type III IFNs are 

paramount in the immune response to influenza (Crotta et al., 2013). 

Type I IFNs consist of 14 partially homologous IFNa subtypes in mouse (13 

in human), a single IFNβ gene, and several other family members (Pestka et al., 

2004). The members of the more recently discovered Type III IFNs are IL29, IL28A 

and B, the former of which is a pseudogene in mice (Kotenko et al., 2003, 

Sheppard et al., 2003). The receptor for Type I IFN (IFNAR) is expressed on nearly 

every cell of the body, while the receptor for Type III IFN (IL28A/BR) is much more 

restricted, and predominantly found on epithelial cells at mucosal surfaces, such as 

the lung and the gut (Sommereyns et al., 2008, Mordstein et al., 2010), although it 

has been identified on neutrophils (Blazek et al., 2015). Despite divergent receptors, 

the downstream signalling pathway of the Type I and Type III IFN receptor is 
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identical, and involves the activation of the receptor-associated tyrosine kinases 

JAK1 and Tyk2. These kinases phosphorylate STAT1 and STAT2, which dimerise, 

and form a complex with IRF9 (termed the ISGF3 complex), which translocates to 

the nucleus to induce the expression of ISGs. In airway epithelial cells, Type I is 

able to compensate for the loss Type III in the induction of ISGs, and vice versa 

(Crotta et al., 2013). However, the absence of both Type I and Type III IFN 

signalling in epithelial cells abrogates the induction of ISGs, and renders mice 

highly susceptible to influenza infection (Crotta et al., 2013, Mordstein et al., 2008). 

Therefore, IFN signalling can act in an autocrine manner, to induce an anti-viral 

transcriptional profile in a cell that is already infected, but also in a paracrine 

manner to limit further viral spread (Fig 1).   

In addition to the production of IFNs, epithelial cells and local immune cells 

are the source of pro-inflammatory cytokines and chemokines, which can directly 

recruit and activate other immune cells. The recruitment of neutrophils and other 

inflammatory cells is seen at early time points post-influenza (Perrone et al., 2008). 

These cells produce cytokines which amplify the immune response, and activate 

innate and adaptive cells. Recruited pDCs are a potent source of Type I IFN, which 

contributes to the anti-viral response, and can stimulate dendritic cells to prime 

CD8 T-cell responses (Fonteneau et al., 2003, Cella et al., 2000). Type I IFNs can 

also activate Natural Killer (NK) cells, which can be directly cytotoxic, but also 

produce Type II IFN to contribute to T-cell activation. NK cells can recognise virally 

infected cells via their Fc receptor CD16, which binds to deposited antibody, or 

directly recognise HA by virtue of sialylated NKp44 and NKp46, which then induces 

a cytotoxic activity (Mendelson et al., 2010, Arnon et al., 2004, Mandelboim et al., 

2001).  
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It is surprising to observe that, despite the massive inflammatory response 

induced by influenza infection (Fig 1) the ablation of selective immune cells does 

not impact disease progression. The depletion of pDCs (Wolf et al., 2009, 

GeurtsvanKessel et al., 2008), NK cells (Biron et al., 1999) or neutrophils (Wareing 

et al., 2007) in influenza infection has no outcome on the progression of infection, 

and may even in some circumstances prove beneficial (Brandes et al., 2013). In 

certain situations, excessive inflammation is linked to disease severity, 

immunopathology and morbidity (Lin et al., 2008). An exuberant production of Type 

I IFN by pDCs results in immunopathology and host mortality during influenza 

infection (Davidson et al., 2014). Additionally, bystander damage can occur 

following the recruitment of inflammatory (Ly6Chi) monocytes expressing TRAIL on 

their surface. TRAIL interacts with DR5 on epithelial cells to induce cell death (Fig 

1) (Davidson et al., 2014, Ellis et al., 2015). The absence of inflammatory 

mononcytes ameliorates bystander lung damage in a model of influenza, and 

improves the survival of mice (Lin et al., 2008). 

Ultimately, viral clearance is achieved by adaptive immune cells; the 

production of neutralising antibodies by B-cells, and the recruitment of cytotoxic 

CD8+ T-cells. Adaptive immunity is activated by antigen presenting cells, such as 

dendritic cells, which present processed antigen on MHC to T- or B-cells 

expressing the correct receptor. This occurs in the lymph nodes, and as such, 

antigen must be actively trafficked from the site of infection. 

Two dendritic cell (DC) subsets are found in the lung, CD11b+ and CD103+ 

DCs. These cells are distinguished based on their location, function and 

development. Both cell types arise from a common dendritic cell precursor (CDP), 

and require Flt3 for their generation, but CD11b+ DCs also utilise M-CSF (Ginhoux 

et al., 2009). CD103+ dendritic cells differentiate under the control of the 

transcription factors Batf3 and Irf8, and are found in the mucosa and the vascular 

wall where they extend protrusions into the alveolar space to survey the lung 

environment directly (Helft et al., 2012, Sung et al., 2006, Ginhoux et al., 2009). 

CD11b+ DCs are a more heterogenous population, and reside below the basement 

membrane of the lung epithelia (Ginhoux et al., 2009). Monocytes can also develop 

into CD11b+ DCs during infection, and these cells can be discriminated based on 

their expression of CD64 and Mar-1 (Plantinga et al., 2013). The importance of 

both subsets has been demonstrated in influenza infection, however CD103+ DCs 
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are described as the predominant subset involved in the transport of viral antigen to 

the lymph nodes, and superior in their ability to present to naïve CD8-T cells via 

MHC I (GeurtsvanKessel et al., 2008, Moltedo et al., 2011, Ho et al., 2011). 

However, in a study of severe influenza infection, CD11b+ DCs, but not CD103+ 

DCs were found in the draining lymph nodes (Ballesteros-Tato et al., 2010). 

CD11b+ DCs are important in the production of cytokines during the acute 

inflammatory response, but are also necessary to support the maintenance of 

tertiary lymphoid tissues following influenza resolution (GeurtsvanKessel et al., 

2008). 

Dendritic cells can acquire antigen directly by viral infection, or indirectly by 

phagocytosis of virally infected cells. In the former situation, viral proteins are 

degraded in the proteasome of the dendritic cell, then processed on the ER by TAP, 

and loaded onto MHC I, to be presented to naïve CD8 T-cells. Conversely, 

phagocytosis of virally infected cells results in viral particles being acquired in 

endosomes and lysomes, which are then presented on MHCII to CD4 T-cells. 

Additionally, endocytosed antigens can be cross-presented on MHC I to CD8 T-

cells. Along with the co-stimulatory ligands CD86 and CD80, antigen presented to 

T-cells on MHCI or MHCII induces the differentiation and proliferation of naïve T-

cells into CD8+ cytotoxic, or CD4 helper subsets respectively. Following 

engagement with cognate antigen, T-cells become activated, proliferate and 

differentiate into an effector population, which returns to the lung to clear virus.  

CD8+ T-cells are lytic in several ways, primarily through the production of perforin, 

which permeabilises the membrane to allow granzymes, such as GrzA and GrzB to 

penetrate the cell and induce apoptosis (Doherty et al., 1997) Additionally, 

apoptosis of infected epithelial cells can occur following the interaction of FAS with 

FAS-L on cytotoxic T-cells (Topham et al., 1997).  

The role of CD4+ T-cells is less well established, although they can equally 

become activated by antigen presented on MHCII and migrate to the lung, where 

they produce cytokines such as IFNγ and IL-2 to promote CD8 T-cell, and B cell 

responses (Riberdy et al., 2000, Román et al., 2002). However, influenza virus can 

be successfully cleared in the absence of CD4+ T-cells (Mozdzanowska et al., 

2000, Topham and Doherty, 1998, Allan et al., 1990), and CD4 T-cell depletion is 

only detrimental in the absence of B-cells or CD8 T-cells (Topham and Doherty, 

1998, Mozdzanowska et al., 2000). Transfer of CD4-effector cells can provide 



Chapter 1 Introduction 

28 

 

protection from lethal influenza infection, in a B-cell dependent manner (Swain et 

al., 2006, Brown et al., 2012).  

Furthermore, given the appropriate cytokine mileu, CD4 T-cells can be 

instructed to become regulatory T-cells (Tregs), which are important for limiting 

excess inflammation during influenza (Antunes and Kassiotis, 2010).  

In parallel to T-cell activation, B-cells are activated in the lymph node, in an 

extra- and intra-follicular manner. The former results in the production of IgM by 

plasmablasts, and some activated B-cells enter the germinal centre reaction to 

undergo proliferation, class switching and affinity maturation. This process is 

enhanced by T-cell help, both via direct cell contact and cytokine production. 

Plasma cells produced by the germinal centre are potent producers of virus-specific 

antibodies. Neutralising antibodies are named based on their ability to neutralise 

viral binding to host cells. Antibodies generated to influenza can also possess non-

neutralising functions. Commonly, these effects enhance effector functions of other 

cells. Immunoglobulins interact with Fc receptors on immune cells such as 

macrophages and NK-cells to enhance opsonophagocytosis and antibody-

dependent cellular cytotoxicity (ADCC) (Huber et al., 2001, DiLillo et al., 2014, 

Jegerlehner et al., 2004).  

Common antibody isotypes induced by influenza infection include IgA, IgM 

and IgG. Variations in the dominant immunoglobulin subtypes are seen across host 

species, viral strains and the route of infection/vaccination. IgM antibodies have 

been shown to possess neutralising ability, but also activate the complement 

system (Gonzalez et al., 2008, Jayasekera et al., 2007). IgG isotypes are detected 

in the serum following influenza infection, whereas dimeric IgA antibodies represent 

the dominant mucosal subtype. IgG and IgA antibodies raised against the same 

viral epitope showed distinct ranges of influenza hemagglutinin neutralisation, with 

IgA functioning to inhibit a variety of hemagglutinin subtypes, whereas IgG 

antibodies were limited to the homologous HA subtype (Muramatsu et al., 2014). 

Indeed, the currently used influenza vaccines, which utilise inactivated viral 

particles, rely on the induction of serum IgG antibodies, and only protect against 

homologous hemagglutinin antigenicities. Intranasal immunisation induces more 

IgA than systemic immunisation, and results in a more efficient cross-protective 

immune response. 
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1.2.3 Resolution of infection 

Although the recruitment of both innate and adaptive immune cells during 

influenza infection is paramount to clearance, the cytotoxic activity of many 

recruited cells results in significant host immunopathology. The required method of 

viral clearance is cytolytic, and combined with the damage induced by the virus 

itself, influenza A infection is associated with extensive epithelial destruction (Fig 1). 

The integrity of the alveolar barrier is compromised during infection, which can 

affect gas exchange and result in acute respiratory distress syndrome, as well as 

increasing host susceptibility to bacterial pathogens. Therefore, there is an acute 

need to limit excessive inflammation, and swiftly resolve the local damage following 

clearance.  

The process of epithelial repair post-influenza is co-ordinated by p63+ basal 

epithelial cells, which migrate from bronchiolar regions to sites of damage within 

the interstitial lung and robustly proliferate (Kumar et al., 2011).  

Alveolar macrophages are central to the resolution and repair of lung injury 

following influenza. The importance of alveolar macrophages during the resolution 

of influenza infection is demonstrated in models of mice that lack alveolar 

macrophages, due to genetic deletion of GM-CSF or its receptor (Csfr2). GM-CSF 

is required to instruct the differentiation of alveolar macrophages, and Csf2-/- or 

Csf2r-/- mice are deficient in alveolar macrophages. These mice are highly 

susceptible to influenza infection, despite intact antiviral adaptive responses 

(Schneider et al., 2014a). Congruent with the role of alveolar macrophages in 

resolution, mortality is seen relatively late (~d10-d11), demonstrating a prolonged 

damage in the absence of alveolar macrophages. Other models examining the 

contribution of GM-CSF have utilised exogenous over-expression, or local 

administration of this cytokine (Huang et al., 2011, Sever-Chroneos et al., 2011, 

Halstead et al., 2018). An important function of alveolar macrophages post-

influenza is to clear apoptotic cells (Fig 2). This process, termed efferocytosis, is 

important to prevent the release of necrotic material, which can continue 

inflammation. Alveolar macrophages lacking Axl, a receptor that facilitates 

efferocytosis, are more susceptible to influenza infection (Fujimori et al., 2015). 

These models converge on the essential role of alveolar macrophages in 

restoration of lung homeostasis following influenza.  
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The active participation of alveolar macrophages in the resolution of 

infection, and tissue repair results in a distinctive phenotype of these cells post-

infection. This has been described as “alternative activation”, due to the increased 

expression of Arginase and the mannose receptor (CD206)(Martinez and Gordon, 

2014, Xue et al., 2014, Murray et al., 2014). Many features of alveolar 

macrophages post-influenza are vital in the resolution of damage, and restoration 

of homeostasis post-influenza, although this phenotype has also been implicated in 

a susceptibility to bacterial infections during this period. Alveolar macrophages 

have been demonstrated to mount a blunted response to bacterial infection due to 

instruction from the epithelium, as well as the physical act of efferocytosis. CD200R 

is a receptor expressed on macrophages, which negatively regulates inflammation 

following engagement of the ligand CD200, which is expressed on apoptotic 

leukocytes post-influenza (Snelgrove et al., 2008). Increased IL-10 post-influenza 

may additionally restrict local inflammation at a time of repair (Fig 2), although 

increased levels of IL-10 are detrimental in the context of secondary bacterial 

infection (Van Der Sluijs et al., 2004). Additionally, alveolar macrophages were 

seen to be profoundly unresponsive to TLR stimulation for up to 6 weeks post-

influenza, which can facilitate a subsequent bacterial infection (Didierlaurent et al., 

2008). The act of efferocytosis by an alveolar macrophage also induces a 

tolerogenic phenotype in this cell, including the decreased production of pro-

inflammatory cytokines, and the increased production of prostaglandin (PGE2), 

which acutely inhibits the ability of a macrophage to phagocytose and kill bacteria 

(Medeiros et al., 2009, Fadok et al., 1998, Stolberg et al., 2015).  
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1.2.4 Macrophages in acute influenza infection 

Alveolar macrophages have a pivotal role in the resolution of influenza 

infection. However, the mechanism by which these cells contribute during acute 

infection is not well defined. Due to their location, these cells are prime targets for 

viral infection. Indeed, viral products can be detected in alveolar macrophages 

following influenza infection (Cardani et al., 2017, Rodgers and Mims, 1982, Tate et 

al., 2010, van Riel et al., 2011, Londrigan et al., 2015). In many situations, the virus 

does not appear to productively replicate in these cells and cell death is incurred 

(Rodgers and Mims, 1982, Londrigan et al., 2015). However, this may be 

dependent on the precise strain, although the in vitro limits of these experiments 

may not accurately reflect viral preference in vivo. It is been reported that highly 

pathogenic strains are capable of replication in alveolar macrophages – and 

whether this is a direct mechanism of their high pathogenicity remains to be 

investigated.  Additionally, strains of influenza that productively infect and replicate 

in alveolar macrophages cause the production of high amounts of pro-inflammatory 

cytokines, which may contribute to immunopathology (van Riel et al., 2011). The 

ability of alveolar macrophages to become infected with influenza, but not support 

productive replication may contribute to host protection, as macrophages may act 

as a sink for viral particles, at the expense of cell death. Increased infection of 

epithelial cells is observed in the absence of alveolar macrophages during 

influenza infection (Cardani et al., 2017). 

Additionally, alveolar macrophages limit viral spread by phagocytosing viral 

particles, and infected cells (Hashimoto et al., 2007). Inhibition of phagocytosis 

increases the mortality during influenza infection (Watanabe et al., 2005). 

Although the precise role of these cells may depend on the strain of 

influenza encountered, the importance of these cells is highlighted by the depletion 

of alveolar macrophages prior to influenza infection. Models of macrophage 

depletion in mice, and pigs, have revealed increased viral loads, and reduced 

production of pro-inflammatory cytokines following influenza infection (Tate et al., 

2010, Tumpey et al., 2005, Cardani et al., 2017, Heui et al., 2008, Purnama et al., 

2014).  
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1.2.5 Memory to influenza infection 

Following the clearance of influenza infection by adaptive immune cells, 

these specialised cells form the basis of an immunological memory to the virus. 

Adaptive cells are activated via receptors for specific viral antigens. Therefore, 

should re-infection with the same virus occur, these cells are already primed for an 

earlier, and more dynamic response. This is achieved locally by tissue resident 

memory T-cells, local antibodies and tertiary lymphoid structures which form in 

response to influenza. Additionally, a systemic immune memory is generated, 

represented by circulating memory T-cells, memory B-cells and serum antibodies.  

Memory B-cells, and plasma cells are responsible for antibody production. 

The concentration of virus-specific antibodies in the sera is deemed to be the best 

current correlate of protection against influenza, and can be measured in 

hemagglutination inhibition (HI), or viral neutralisation assays (Hobson et al., 1972, 

Coudeville et al., 2010, Park et al., 2018, Truelove et al., 2016). Influenza A virus 

induces a lifelong humoral immunity in humans (Yu et al., 2008). Antibodies from 

patients isolated 90 years after the 1918 influenza pandemic possessed serum-

neutralising activity. Similarly, mice maintain high levels of virus-neutralising 

antibodies for over 200 days post-influenza (Ng et al., 2014). The antibody 

response to an initial influenza infection may incur the phenomenon of “original 

antigenic sin” (Francis, 1960), in which antibodies raised to a dominant viral epitope 

in an original infection will prevail, and may prevent the formation of effective 

antibodies to new antigens in a subsequent infection.  Long term protection will be 

afforded against the initial hemagglutinin subtype, and those from the same 

phylogenetic group (Gostic et al., 2016). Despite the superior ability of 

hemagglutinin-inhibiting antibodies to limit viral spread, influenza A is capable of 

immune evasion. It may occur that following antigenic shift or drift, an altered HA is 

no longer recognised by antibodies.  

 T-cells also represent a powerful mediator from re-infection with influenza. 

Due to the ability of memory CD8 T-cells to recognise internal viral segments 

presented by DCs on MHC I, they have a greater capacity for cross-protection from 

heterologous infection, as these internal segments are more likely to be conserved 

than the surface glycoproteins important for viral entry and exit (Yewdell et al., 

1985, Moskophidis and Kioussis, 1998, Kreijtz et al., 2008). Based on their 
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trafficking, T-cell memory is divided into a circulating and tissue resident population. 

Despite the same clonal origin of these populations, differential priming by DC 

subsets may contribute to alternative fates (Gaide et al., 2015, Iborra et al., 2016). 

It has been shown that Batf3+ DCs are required for the formation of resident, but 

not circulating cells following influenza infection (Iborra et al., 2016).  

Tissue resident memory CD4 and CD8 T-cells can be identified based on 

their expression of certain markers (Turner et al., 2014), and represent a small, but 

poised population which can rapidly expand at the site of viral entry and infection to 

provide swift protection.  

 

1.2.6 iBALT – Inducible bronchus associated lymphoid tissue 

As well as inducing a population of resident memory T-cells, influenza 

infection can affect other tissue specific adaptive responses. Following acute viral 

challenge, the lung can be host to the formation of an ectopic lymphoid follicle. 

These tertiary lymphoid structures resemble those found in secondary lymphoid 

organs, and are comprised of separated B and T-cell zones, supported by a 

network of follicular dendritic cells, high endothelial venules and lymphatics 

(Rangel-Moreno et al., 2011). This structure is found in close proximity to the 

airways, and is termed inducible bronchus associated lymphoid tissue (iBALT), 

reflecting the terms of its formation and immunological function. Unlike classical 

lymphoid tissue, iBALT neogenesis is not dependent on LTi cells, but rather CD4 T-

cells which produce IL-17 (Rangel-Moreno et al., 2011). Dendritic cells are central 

for the maintenance and function of iBALT, and provide help for local production of 

class-switched antibodies, and viral specific humoral responses (GeurtsvanKessel 

et al., 2009).  

Although iBALT cannot be identified in the healthy adult human lung, it is 

found following a range of interstitial lung diseases, particularly in cases with 

persistent tissue damage such as rheumatoid arthritis (Gould and Isaacson, 1993, 

Rangel-Moreno et al., 2006). In mice, the formation of inducible bronchus-

associated lymphoid tissue following viral infection such as influenza is well 

established, although more organised structures are seen in the absence of 

secondary lymphoid organs, or during neonatal challenge (GeurtsvanKessel et al., 
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2009, Moyron-Quiroz et al., 2004, Rangel-Moreno et al., 2007). iBALT has been 

shown to persist in the lungs for extended periods. This can enhance immunologic 

memory (Moyron-Quiroz et al., 2004) but as of yet the role of iBALT in other facets 

of respiratory immunity is still unclear. Some studies have shown the formation of 

iBALT by protein cage nanoparticles (PCN) to enhance responses to a variety of 

respiratory challenges, including influenza (Wiley et al., 2009, Richert et al., 2013). 

However, in the context of persistent antigenic stimulation in chronic diseases, the 

presence of iBALT can be correlated with the severity of rheumatoid arthritis, 

tuberculosis and chronic obstructive pulmonary disorder (COPD) (Rangel-Moreno 

2006, Ulrichs et al 2004, Hogg et al 2004). 

 

1.2.7 Long term effects of influenza on cells of innate immunity and 

epithelial cells 

Viral infections are well characterised in their ability to induce an adaptive 

immune memory. However, recent evidence is emerging to suggest that this 

memory may not be restricted to cells of the adaptive compartment. The 

phenomenon of memory in innate immune cells is not restricted to recognition of 

specific receptors, and therefore provides a broader responsiveness than that of 

adaptive cells. Macrophages have demonstrated an altered responsiveness to 

stimuli, induced by a transient exposure to bacterial, fungal and viral products 

(Didierlaurent et al., 2008, Qiao et al., 2013, Quintin et al., 2012). Some stimuli, 

such as IFN or BCG are capable of inducing histone modifications in immune cells, 

which can affect the chromatin structure, allowing for altered gene expression in 

response to a secondary stimulus. However, these studies have so far been 

restricted to relatively short-term experiments performed in vitro, and examples of 

this phenomenon in vivo are more scarce, and hard to properly define, considering 

the potential for continuing stimulatory or tolerogenic signals from the environment. 

As discussed, the requirement for resolution following influenza infection induces a 

tolerogenic phenotype in alveolar macrophages. The prolonged expression of 

CD200R and others may not be defined as memory as such.  

 Additional examples of chromatin alterations induced by influenza have 

been described in epithelial cells. Setdb2, a lysine methyltransferase, is induced 



Chapter 1 Introduction 

36 

 

during influenza infection, and methylates histones at the promoter regions of 

various NFκb genes, such as CXCL1 to restrict expression. The induction of 

Setdb2 regulates the level of inflammation and neutrophil recruitment in a 

secondary bacterial infection, to influence susceptibility (Schliehe et al 2014).   

 

1.3 Streptococcus pneumoniae  

Streptococcus pneumoniae, similar to influenza A virus, is a common human 

pathogen of the respiratory tract. This gram-positive bacterium is a facultative 

anaerobe, which is capable of inducing a spectrum of respiratory and systemic 

diseases in humans. Frequently, S. pneumoniae results in asymptomatic 

colonisation of the nasopharynx. Colonisation rates vary depending on age, 

geographic area, genetic background and socioeconomic status of the host, but 

overall a high frequency of children (27-65%) and adults (<10%) are carriers of S. 

pneumoniae (Bogaert et al., 2004, Yahiaoui et al., 2016, Abdullahi et al., 2012). 

However, the progression of the pneumococcus into the lung, brain or the 

bloodstream can result in severe disease, such as pneumonia, sepsis and 

meningitis. Groups at high risk of these diseases include young children, the elderly 

and immunodeficient individuals. Pneumococcal disease is one of the leading 

global causes of childhood pneumonia and meningitis, and responsible for more 

than 1.2 million deaths annually (O'Brien et al., 2009).  

 Clinical isolates of S. pneumoniae express a polysaccharide capsule that 

serves as the basis for their identification. Almost 100 capsular serotypes have 

been described, and successful pneumococcal vaccines are directed against 

common capsular serotypes (Geno et al., 2015). Despite the success of vaccines, 

these still represent a limited strategy towards the plethora of S. pneumoniae 

strains (Daniels et al., 2016), and with the increase in antibiotic resistance, there 

remains a significant need to characterise bacterial and host factors which 

contribute to mortality.  

The capsule is an important virulent factor for the S. pneumoniae, and 

certain capsular serotypes are associated with invasive disease in humans 

(Sandgren et al., 2004, Brueggemann et al., 2003). The capsule is comprised of a 

thick layer of polysaccharides, which protects the underlying cell wall, and impairs 
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bacterial phagocytosis by the host (Hyams et al., 2010). Variation in capsule 

morphology has been described, relative to the invasive nature of the bacterium. A 

thick polysaccharide capsule results in an “opaque” morphology, and opaque 

variants are more virulent than their transparent counterparts, accompanied by a 

poor ability to colonise. Conversely, transparency of the capsule is linked to more 

successful colonisation, with a low potential for virulence (Weiser et al., 1994, Kim 

and Weiser, 1998). In human disease, opaque variants have been isolated from the 

bloodstream, whereas transparent variants remain in the nasopharynx (Weiser et 

al., 1994, Serrano et al., 2006). Therefore, the spontaneous and reversible 

variation in pneumococcal phenotype may promote the invasive state of the 

bacterium. However, the capsule is highly immunogenic, and therefore its benefit in 

invasion must be balanced with the initiation of an immune response.  

 Another highly immunogenic pneumococcal virulence factor is pneumolysin. 

Pneumolysin is universal to all Streptococcus serotypes, but unlike the capsule, 

and other surface virulence factors, this enzyme is cytoplasmic, and dependent on 

the action of surface pneumococcal autolysin for its release and action (Berry et al., 

1992). Pneumolysin is cytotoxic to airway epithelial cells, causing alveolar edema 

(Rubins et al., 1993). Additionally, the disruption of the muco-ciliatory escalator 

promotes mucus build up, which facilitates pneumococcal spread (Fliegauf et al., 

2013). The absence of pneumolysin affects the bacterial loads in the upper airways 

in pneumococcal infection (Kadioglu et al., 2002), although these strains are still 

capable of colonisation (Rubins and Janoff, 1998).  

As adhesion of S. pneumoniae to host epithelial cells facilitates colonisation, 

replication and invasion, adhesion factors are central to pneumococcal virulence. 

These include PsA, which interacts with the E-cadherin receptor (Berry and Paton, 

1996), and PavA, which binds to extracellular matrix (Pracht et al., 2005). 

Attachment of the bacterium to host cells can also be mediated by inflammatory 

factors, and receptors can be exposed in viral infection. Viral neuraminidase 

cleaves sialic acids on the surface of host cells, which may allow for pneumococcal 

attachment (McCullers and Bartmess, 2003). Additionally, incubation of cultured 

epithelial cells with TNFα and IL1α promoted attachment of pneumococcus 

(Cundell et al., 1995). Invasion is mediated by the pneumococcal CBPs (Choline 

binding proteins), including PspA and PspC (Hammerschmidt, 2006). 
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1.3.1 Host recognition of Streptococcus pneumoniae 

As an extracellular pathogen, surface receptors on host cells play a major 

role in the recognition of S. pneumoniae. Toll-like receptors (TLRs) such as TLR4 

and TLR2 have been described in the recognition of both gram negative and gram 

positive bacteria respectively (Takeuchi et al., 1999). TLR2 is responsible for the 

recognition of lipoteichoic acid (LTA) and peptidoglycan in the cell wall of S. 

pneumoniae (Han et al., 2003, Schröder et al., 2003, Yoshimura et al., 1999), and 

the subsequent production of pro-inflammatory cytokines (Dessing et al., 2009, 

Knapp et al., 2004b). However, the importance of TLR2 in vivo appears to be 

context dependent. During pneumococcal pneumonia, the absence of TLR2 does 

not affect the production of pro-inflammatory cytokines such as TNFα or IL-1β, 

whereas significantly lower amounts of CXCL1 and CXCL2 are seen, in 

accordance with a reduction in neutrophilia (Dessing et al., 2008b). In this model, 

bacterial loads and mortality are not affected (Dessing et al., 2008b, Knapp et al., 

2004b), but TLR2 deficient mice show much higher susceptibility to pneumococcal 

meningitis, with higher bacterial loads in the brain and enhanced mortality 

(Echchannaoui et al., 2002, Koedel et al., 2003). 

The subtle phenotype seen in the absence of TLR2 in vivo may be due to 

the redundancy of this receptor with TLR4. Although TLR4 is characteristically 

involved in the recognition of lipopolysaccharides in gram-negative bacteria 

(Takeuchi et al., 1999), pneumolysin from S. pneumoniae has been shown to 

induce the production of pro-inflammatory cytokines in a TLR4 dependent manner 

(Malley et al., 2003, Dessing et al., 2009, Srivastava et al., 2005). The interaction of 

pneumolysin with TLR4 has been shown to induce apoptosis in the upper 

respiratory tract following S. pneumoniae infection (Srivastava et al., 2005). In a 

pneumolysin deficient strain of S. pneumoniae, the lack of TLR2 resulted in higher 

bacterial burden, demonstrating a redundancy for these bacterial recognition 

receptors (Dessing et al., 2008a). 

Additionally, the endosomal TLR9 can detect pneumococcal DNA containing 

unmethylated CpG motifs. This may be a substrate for host recognition during the 

autolysis of the pneumococcus (Moscoso and Claverys, 2004). TLR9 deficient mice 

are more susceptible than either TLR2 or TLR4 deficient mice in a model of 

pneumococcal pneumonia, with extensive systemic dissemination (Albiger et al., 
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2007). Although the absence of TLR9 does not affect the extent of nasopharyngeal 

colonisation or pneumococcal meningitis (Klein et al., 2008, Albiger et al., 2007), 

the phagocytic capacity and bacterial killing of alveolar macrophages is impaired in 

the absence of TLR9 (Albiger et al., 2007).  

It has been shown that both alveolar macrophages, and epithelial cells are 

required for the recognition of, and response to S. pneumoniae infection. MyD88 is 

downstream of TLR signalling, and the deletion of MyD88 in either the stromal, or 

immune compartment significantly impacts production of pro-inflammatory 

cytokines required to drive the immune response, and is detrimental to host 

survival (Dudek et al., 2016). Humans with autosomal recessive deficiencies in 

MyD88 are highly susceptible to S. pneumoniae infection (Koedel et al., 2004, 

Khan et al., 2005, Albiger et al., 2005). Although there is a certain degree of TLR 

redundancy, and the specific TLR is context dependent, this signalling pathway is 

central in the immune response to the pneumococcus. 

Owing to the production of IL-18 and IL-1β during pneumococcal infection, 

the activation of the inflammasome by S. pneumoniae has been hypothesised. The 

deficiency of ASC or Caspase 1 renders mice extremely susceptible to 

pneumococcal infection (Fang et al., 2011, McNeela et al., 2010). Following S. 

pneumoniae infection, both AIM2 and NLRP3 have been implicated in the 

activation of caspase 1, and the subsequent production of IL-18 or IL1β (McNeela 

et al., 2010, Fang et al., 2011, Witzenrath et al., 2011). NLRP3 deficient mice are 

highly susceptible to pneumococcal pneumonia, but AIM2 deficient mice are even 

more susceptible (Fang et al., 2011). Indeed the AIM2 inflammasome appears to 

be involved in the bacterial recognition of S. pneumoniae and production of pro-

inflammatory cytokines, a process dependent on macrophage phagocytosis (Fang 

et al., 2011).  

The C-type lectin SIGN-R1 has been shown to interact with S. pneumoniae, 

and bind capsular polysaccharide (Kang et al., 2004). The absence of this receptor 

exacerbates both systemic and pulmonary S. pneumoniae infection, although 

SIGN-R1 is not expressed on alveolar macrophages (Lanoue et al., 2004, Koppel 

et al., 2005). Alveolar macrophages do express the scavenger receptor MARCO. 

The absence of MARCO results in higher bacterial loads in the lung, and increased 

mortality (Arredouani et al., 2004), due to the failure of macrophages to 

phagocytose bacteria.  
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1.3.2 The immune response to S. pneumoniae  

The immune response to Streptococcus pneumoniae is multi-faceted. 

Ultimately, phagocytic cells complete successful clearance of the bacteria. This is 

performed predominantly by lung resident macrophages, and recruited neutrophils, 

although many other host immune factors contribute to efficient phagocytosis.   

 A key factor in successful phagocytosis is the deposition of complement 

proteins. Although in other settings, complement may act directly on the 

microorganism to effect killing, its major role in pneumococcal infection is through 

enhancing opsonophagocytosis (Hyams et al., 2010, Gross et al., 1978). Three 

pathways of complement have been identified; the classical, lectin and alternative 

pathway. All three pathways converge on the deposition of C3 on the bacterial 

surface, facilitating clearance of the microbe (Hyams et al., 2010). An array of 

mouse strains genetically manipulated to lack various components of complement 

has demonstrated the classical pathway to be the dominant complement pathway 

in pneumococcal infection (Brown et al., 2002). The classical pathway is activated 

following the interaction of the protein C1q with an antibody-antigen complex. The 

lack of C1q, or IgM rendered mice highly susceptible to intranasal S. pneumoniae 

infection and prevented the deposition of C3 on the bacterium (Brown et al., 2002). 

The absence of complement in humans results in an extreme susceptibility to 

bacterial infections (Ram et al., 2010, Lappegård et al., 2009, Homann et al., 1997). 

The importance of complement in mediating interactions between bacterium and 

host is evidenced by the multiple mechanisms evolved by the pneumococcus to 

avoid complement deposition. The pneumococcal capsule significantly prevents the 

deposition of complement (Hyams et al., 2010, Abeyta et al., 2003), and 

pneumolysin has been shown to interfere with C3 deposition (Yuste et al., 2008).  

Alveolar macrophages are well placed to provide initial responses, and are 

efficient at phagocytosing S. pneumoniae at low inoculum of bacteria (Dockrell et 

al., 2001, Dockrell et al., 2003, Jonsson et al., 1985, Knapp et al., 2003). Following 

bacterial phagocytosis, macrophages undergo apoptosis which prevents the 

spread of viable bacteria, and is necessary in the protective response to S. 

pneumonaie  (Ali et al., 2003, Dockrell et al., 2001)  

 However, should the inoculum of bacteria exceed the phagocytic capacity of 

macrophages, neutrophils are recruited to aid clearance (Dockrell et al., 2003). 
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Neutrophil recruitment is a characteristic feature of pneumococcal pneumonia, and 

dependent on cytokine production by both local immune cells such as 

macrophages, as well as epithelial cells (Dudek et al., 2016). Potent neutrophil 

chemoattractants are the ELR (glutamic acid-leucine-arginine)+ CXC chemokines, 

which bind the receptor CXCR2 or CXCR1.  

Ligands for CXCR2 include CXCL1, CXCL2/3 and CXCL5 in mouse, and 

the human homolog of CXCL1, IL-8. CXCL1, CXCL2, and the BAL of LPS-exposed 

mice act as significant neutrophil chemoattractants, dependent on the expression 

of CXCR2 in the hematopoetic system (Reutershan et al., 2006). In S. pneumoniae 

infection, mice deficient in CXCR2 demonstrate a significant failure to recruit 

neutrophils to the lung, maintain high pulmonary bacterial loads, and are acutely 

susceptible to mortality (Herbold et al., 2010). Macrophages are potent producers 

of the CXCR2 ligands, CXCL1 and CXCL2 (De Filippo et al., 2008). Additionally, 

epithelial cells have been demonstrated to be an important source of CXCL1 during 

co-infection. The repression of CXCL1 in epithelial cells, by the methyl transferase 

Setdb2, is detrimental in the context of bacterial infection following influenza 

infection (Schliehe et al., 2015). Epithelial cells are principally involved in the 

production of CXCL5, and the role of this cytokine in neutrophil recruitment has 

been highlighted in S. pneumoniae infection (Gibbs et al., 2014, Yamamoto et al., 

2013, Yamamoto et al., 2012). 

 Once recruited, neutrophils participate in bacterial clearance by 

phagocytosis (Janoff et al., 1999), and are thus considered to be central to 

protection. In models of neutrophil depletion during S. pneumoniae, mice lacking in 

neutrophils are more susceptible to infection (Sun et al., 2007, Zhang et al., 2009). 

However, the presence of this highly inflammatory cell in the lungs must also be 

tempered to avoid host immunopathology.  

 

1.3.3 Surfactant 

Another host mechanism that contributes to protection against S. 

pneumoniae is surfactant proteins. Surfactant is produced by alveoli to prevent 

alveolar collapse during expiration. Surfactant protein D (SP-D) causes the 

aggregation of pneumococci in vitro and deficient mice have increased 
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susceptibility to pulmonary S. pneumoniae infection (Jounblat et al., 2005, Jounblat 

et al., 2004), SP-A causes upregulation of SR-A on alveolar macrophages, 

promoting pneumococcal phagocytosis (Kuronuma et al., 2004). 

 

1.3.4 Cytokines in S. pneumoniae 

Of the numerous cytokines produced during bacterial infection, several are 

unequivocally important in protection against S. pneumoniae. The absence of 

TNFα results in an extreme susceptibility of mice to pneumococcal infection 

(Takashima et al., 1997, Jeong et al., 2015, Albrecht et al., 2016, Rijneveld et al., 

2001). The removal of other cytokines has a less obvious effect in many models of 

S. pneumoniae infection, and this may reflect the ability of cytokines to compensate 

for each other. Attempts to address to role the of IL-1 in S. pneumoniae infection 

have only identified a modest protective role of either IL-1α or IL-1β singularly or in 

combination (Kafka et al., 2008, Rijneveld et al., 2001). TNFα and IL-1 act 

synergistically in the early stages of S. pneumoniae infection to promote neutrophil 

recruitment (Rijneveld et al., 2001). The absence of IL-12 results in the absence of 

IFNγ, MIP-2 and TNFα, which blunts neutrophil recruitment and increases mortality 

(Yamamoto et al., 2004, Sun et al., 2007). However, despite increased neutrophilia 

in the absence of IL-18, higher bacterial loads are observed in the lung during 

pneumococcal pneumonia (Lauw et al., 2002). IL-6 is seen to have a pleiotropic 

role in S. pneumoniae infection. IL-6 deficient mice succumb more quickly to 

pneumococcal pneumonia (van der Poll et al., 1997), although the precise 

mechanism of action is not clear. Increased STAT3 phosphorylation, a signalling 

pathway induced by IL-6, is seen to positively contribute to neutrophil recruitment in 

other bacterial infections, such as E. coli (Quinton et al., 2008). In the absence of 

IL-6, increased production of other pro-inflammatory cytokines, such as TNFα are 

observed (van der Poll et al., 1997). Conversely, in human studies of sepsis, high 

IL-6 levels have been seen to correlate with disease severity, and IL-6 has been 

described as a biomarker (Hack et al., 1989). Blockade of IL-6 in a mouse model of 

cecal-puncture sepsis improves host survival (Riedemann et al., 2003, Nullens et 

al., 2016). Therefore, quantitative and qualitative variations in the effects of this 

cytokine may determine the progression of S. pneumoniae infection.  
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 While the production of these cytokines is central in the immune response to 

S. pneumoniae, elevated levels of pro-inflammatory cytokines are also associated 

with severe pneumonia. A feed forward loop of cytokine production is often 

exacerbated by the sustained presence of bacteria in the lung, and high cytokine 

levels are associated with mice experiencing high bacterial loads and associated 

morbidity.  

 

1.3.5 Antibodies and T-cells 

Innate immune cells are paramount in the clearance of a S. pneumoniae 

infection in a naïve host, but following pneumococcal exposure or vaccination, 

adaptive immunity is initiated. The adaptive immune response to S. pneumoniae is 

comprised of antibodies and Th17 cells, which opsonise this bacteria for 

phagocytosis, and contribute to neutrophil recruitment respectively.  Pneumococcal 

vaccines rely on the induction of antibody responses directed against the 

polysaccharide capsule (Daniels et al., 2016). Vaccines are raised against 

prevalent bacterial serotypes, which are most frequently associated with invasive 

disease (Hicks et al., 2007). However, mucosal vaccination provides 

heterosubtypic immunity even in the absence of antibodies. This is dependent on 

CD4+ T-cells which produce IL-17 (Th17) and promote neutrophil recruitment (Lu 

et al., 2008, Lundgren et al., 2012, Wang et al., 2017). In humans prone to 

recurrent infections, there is a distinct absence of Th17 cells, linked to mutations in 

STAT3 (Milner et al., 2008, Ma et al., 2008). PBMCs isolated from children prone to 

infection show lower levels of pro-inflammatory cytokines and a blunted Th17 

response to heat-killed S. pneumoniae (Basha et al., 2017). 

 Humans display high levels of colonisation with S. pneumoniae in childhood 

(Richards et al., 2010). Colonisation of mice with S. pneumoniae induces both a 

Th17 and antibody response, both of which are important to provide protection from 

subsequent infection (Wilson et al., 2015, Lu et al., 2008, Trzciński et al., 2008). In 

contrast to this, animal models typically represent an immunologically naïve host, 

and therefore the extent of protection afforded by adaptive immune cells in this 

circumstance is minimal.  
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1.3.6 Mouse models of streptococcus  

Mice are a crucial tool for the study of many manifestations of S. 

pneumoniae infection in humans. Both species exhibit a similar immune response 

upon infection (reviewed in: (Mizgerd and Skerrett, 2008). Mouse models have 

been central to elucidating other host factors which influence the outcome of 

infection, including host genetics, age and sex. Both male mice and humans are 

more susceptible than females to sepsis and pneumonia from S. pneumonaie 

(Kadioglu et al., 2011, Gutiérrez et al., 2006, Angele et al., 2014, Offner et al., 

1999). Certain mouse strains, such as BALB/C are extremely resistant to S. 

pneumoniae, whereas CBA/Ca will succumb to infection within 48 hours (Gingles et 

al., 2001). Age may also be important, as some pneumococcal serotypes are found 

to be more prevalent in different age groups (Imöhl et al., 2010). Therefore, it is 

extremely important to consider host or bacterial intrinsic effects when using mouse 

models of S. pneumoniae.  

 

 

1.4 Short term co-infection 

The substantial health risk posed by influenza is intensified by the increased 

susceptibility to a number of bacteria pathogens during infection, contributing 

significantly to morbidity and mortality. Infection with influenza virus can result in 

severe respiratory disease in humans. In the context of this viral infection, the host 

becomes significantly more susceptible to a secondary bacterial infection, often 

termed “superinfection”. Bacterial superinfection is a significant factor in influenza-

related mortality (reviewed in (McCullers, 2014). Tissue specimens from the 

“Spanish influenza” pandemic of 1918 revealed the presence of extensive bacterial 

infection, from a variety of bacterial agents (Morens et al., 2008). Similarly, a high 

proportion of patients in the 1957-1958 influenza pandemic showed simultaneous 

Staphylococcus aureus infection (Louria et al., 1959, Robertson et al., 1958). In 

both seasonal and pandemic influenza, secondary bacterial infections are found in 

~30% of deaths (Gupta et al., 2008, Cillóniz et al., 2012). Louis Cruveilhier 

famously quoted of the phenomenon “If grippe condemns, the secondary infections 
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execute” (Cruveilhier, 1919). Therefore, not only is bacterial co-infection common, it 

is responsible for a lethal synergism which causes high host mortality.  

A number of bacterial species have been found in fatal cases of influenza 

co-infection, although commonly these are bacteria that are prevalent in the upper 

respiratory tract of a healthy adult. Streptococcus pneumoniae is the most common 

cause of community-acquired pneumonia in bacterial superinfection (Cillóniz et al., 

2012, Morens et al., 2008). As mentioned, Staphylocccus aureus was predominant 

in the 1957 pandemic, and accounted for almost half of the isolates in a study of 

influenza-related childhood deaths in the US in 2003-04 (Bhat et al., 2005).  

The mechanisms that predispose influenza-infected individuals to such 

severe manifestations of an otherwise innocuous bacterial challenge have been 

extensively studied. The progression of many common commensal pathogens 

indicates an altered state of the airways, induced by influenza, which facilitates 

bacterial growth and dissemination. In vitro models have demonstrated increased 

adherence of S. pneumoniae and Haemophilus influenzae to epithelial cells 

following viral infection (Avadhanula et al., 2006). Destruction of sialic acids on host 

epithelial cells by viral neuraminidase is postulated to increase the adhesion of S. 

pneumoniae in a model of bacterial superinfection (McCullers and Bartmess, 2003).  

As well as the exposure of receptors which may facilitate bacterial adhesion, the 

extensive damage to the broncho-epithelial and alveolar cells of the lung ensuing 

from viral infection and immunopathology may contribute to bacterial colonisation of 

the lung. Damage is incurred following viral infection of epithelial cells, but also by 

virus-induced immunopathology. In an experimental mouse model, inflammatory 

(Ly6Chi) monocytes recruited during influenza infection express TRAIL, which upon 

interaction with DR5 on epithelial cells causes their apoptosis and facilitates 

Streptococcus pneumoniae infection, resulting in a lethal influenza-S. pneumoniae 

synergism (Ellis et al., 2015). 

While viral-induced damage may facilitate the progression of bacterial 

infection to the lung, usual and proper mechanisms of bacterial clearance by 

immune cells may also be impaired in the context of acute influenza infection. The 

number and function of alveolar macrophages is reduced during influenza 

(Ghoneim et al., 2013). Phagocytosis is impaired, due to the decrease of bacterial 

scavenger receptors by IFN (Sun and Metzger, 2008). Similarly, bacterial 

phagocytosis by neutrophils is impaired during acute influenza infection 
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(Damjanovic et al., 2013).  Other neutrophil functions, such as myeloperoxidase 

production and proteolytic enzymes are reduced in the context of co-infection 

(LeVine et al., 2001, Kosai et al., 2008).  

 

1.5 Long term co-infection 

The lethal synergism of influenza-bacterial co-infection is evidently a 

prominent health concern, which remains extensively studied. Bacterial 

superinfection is most evident during acute influenza infection, due to host and viral 

mechanisms. However, several reports describe a continuing susceptibility to 

bacterial infection following clearance of influenza in mouse models (Chen et al., 

2012, Didierlaurent et al., 2008, Redford et al., 2014, Sharma-Chawla et al., 2016, 

Van Der Sluijs et al., 2004). The incidence of prolonged effects of influenza 

infection is certainly much more complex to study in humans, and would require a 

huge cohort in a longitudinal study with extensive pathogen testing. A continued 

susceptibility to bacterial infection is clinically relevant, as many common 

respiratory infections are seasonal, and humans may experience multiple 

respiratory challenges in a relatively short period. 

To study this phenomenon in a relevant mouse model, the parameters of 

infection must be clearly defined to draw the appropriate conclusions. Acute 

influenza is cleared by 10-12 days post-infection, evidenced by the absence of 

virus (Van Der Sluijs et al., 2004). The subsequent duration of resolution is not well 

defined, as the resulting repair from the aforementioned damage may continue for 

longer periods. Significant histopathological changes have been shown for up to 21 

days post-infection with H1N1 (Sharma-Chawla et al., 2016). Therefore, an 

infection shortly following viral clearance may occur in the context of lung 

remodelling. An alternative activation of macrophages has been suggested to 

contribute to increased susceptibility to S. pneumoniae at 14 days post-influenza 

(Chen et al., 2012). In a study that demonstrated increased susceptibility to S. 

pneumoniae up to 6 weeks post-influenza, alveolar macrophages were shown to 

produce reduced cytokines in response to TLR stimulation (Didierlaurent et al., 

2008). A decreased production of the neutrophil chemoattractants CXCL1 and 

CXCL2 resulted in bacterial outgrowth and mortality. Additionally, mice that had 
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previously experienced influenza infection were seen to produce higher levels of IL-

10 in response to S. pneumoniae infection. Increased levels of IL-10, but also the 

pro-inflammatory cytokines IL-6, TNFα, IFNγ and CXCLC1 were present in 

influenza-experienced moribund mice and the neutralisation of IL-10 did not 

produce a strong rescue phenotype (Van Der Sluijs et al., 2004).  

Although Didierlaurent et al extended their model to 6 weeks post-influenza, 

other examples challenge mice after a relatively short period (14 days) post-

influenza (Chen et al., 2012, Van Der Sluijs et al., 2004). A study comparing the 

host susceptibility to a variety of invasive and colonising strains of S. pneumoniae 

at increasing time points post-influenza demonstrated that the high susceptibility to 

all serotypes of Streptococcus infection is progressively lost with time, and that only 

invasive strains induce mortality at 14 days post-influenza. None of the tested 

strains of S. pneumonaie were capable of inducing mortality at 21 days post-

infection (Sharma-Chawla et al., 2016).  

The mechanisms that facilitate bacterial superinfection during acute 

influenza are unlikely to be persist following viral clearance and resolution. 

However, a colonisation advantage may be provided by the “tolerised” state of the 

lung, which arises post-influenza.  Therefore, different mechanisms may arise in 

the same outcome, and these must be properly explored. 

 

1.6 Sexual dimorphism in infections 

 The significance of sex in the development of many diseases is well established, 

with women significantly more likely to develop a host of autoimmune diseases, 

such as systemic lupus erythematosus (SLE) and Sjörgen’s syndrome than men 

(Fairweather and Rose, 2004). However, a distinction between susceptibility, or 

prevalence of a disease, and the subsequent severity must be made.  

 Many infectious diseases display a sexual dimorphism in both susceptibility 

and severity (reviewed in (Marriott and Huet-Hudson, 2006). Retrospective human 

studies have identified sexual dimorphism by monitoring patient admission, and 

disease severity and mortality. Although societal and behavioural factors may 

influence this pattern in humans, many of these observations have been confirmed 

in mice. Experimental mouse models have been used to compare the male and 
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female immune response in a number of infectious diseases. These studies have 

frequently associated an over exuberant immune response with a detrimental 

disease outcome. Broadly speaking this has been demonstrated for males in the 

context of bacterial infections, whereas conversely females exhibit this feature in 

viral infections (Marriott and Huet-Hudson, 2006, Klein, 2012).  

Sexual dimorphism in bacterial infections has been well documented, and in 

sepsis, being male has been identified as a risk factor for both the development 

and severity of disease (Wichmann et al., 2000, Angele et al., 2014, Offner et al., 

1999). More males succumb to sepsis than females, and male sepsis patients 

display higher levels of serum IL-6, indicating an exaggerated immune response 

(Schröder et al., 1998). This phenotype is mirrored in other human manifestations 

of bacterial infections, such as respiratory disease with Streptococcus pneumoniae 

(Gutiérrez et al., 2006, Kadioglu et al., 2011). In a mouse model of S. pneumoniae 

infection, males were seen to be significantly more susceptible to bacterial 

pneumoniae and sepsis, associated with elevated and sustained levels of pro-

inflammatory cytokines (Kadioglu et al., 2011).  

Conversely, in viral infections, such as influenza, females have 

demonstrated a more robust immune response, which has been postulated to be 

the cause for a reduced susceptibility, but can result in an increased severity (Klein, 

2012). A report by the WHO in 2010 concluded influenza to result in a worse 

outcome for females (Klein et al., 2010). In mouse models of influenza, females 

exhibit increased weight loss and mortality compared to males, despite maintaining 

equivalent viral loads (Robinson et al., 2011). This phenotype is associated with a 

higher production of pro-inflammatory cytokines, such as TNFα and CCL2, 

resulting in host immunopathology. 

The precise mechanisms by which sex contributes to immune response are 

yet to be clarified and are, as discussed, dependent on context. There are 

numerous physiological and genetic differences that have been demonstrated to 

contribute to sexual dimorphism. Certain genes involved in the immune response, 

such as TLR7, are located on the X-chromosome. In immune cells, this gene does 

not undergo X-linked inactivation, resulting in a higher expression in females, which 

could amplify immune responses (Souyris et al., 2018). Macrophages derived from 

male mice produce increased amounts of pro-inflammatory cytokines upon LPS 
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stimulation, potentially as a result of increased CD14/TLR4 surface expression 

(Marriott et al., 2006).  

Sex hormones are also important in sexual dimorphism, and the removal of 

gonads can increase the resistance of female mice to influenza, and additionally 

make male mice more susceptible (Robinson et al., 2011). Furthermore, the 

addition of exogenous estradiol is sufficient to provide protection to female mice 

from influenza infection (Davis et al., 2017, Robinson et al., 2011). Estradiol 

treatment of murine microglia also prevents the LPS-induced upregulation of 

TLR4/CD14 (Vegeto et al., 2004). Puberty also induces a sexual dimorphic pattern 

in the expression of immune genes. For example, immunoglobulin genes are 

upregulated in females post-puberty, further indicating the role of sex hormones in 

immune responses (Lamason et al., 2006).  

Even in the absence of infection, basal differences in the activation of T-

cells and circulating antibodies have been identified (Butterworth et al., 1967) 

(Amadori et al., 1995). Females display higher immunoglobulin responses following 

influenza vaccination and infection (Cook, 2008, Engler et al., 2008). However, this 

ability may promote the formation of autoantibodies, and explain the higher 

incidence of autoimmune diseases in women.  

Therefore, substantial evidence in both mice and humans demonstrates the 

influence of sex on the incidence and progression of infectious disease. Therefore, 

this must be a consideration in constructing experimental models for research.  

 

1.7 Alveolar macrophages 

  The lung is a highly specialised environment. It is purposed to allow highly 

efficient gaseous exchange, and can frequently be subject to massive 

environmental fluctuations. Additionally, the lung is exposed to a constant intake of 

potentially pathogenic material. As such, the lung represents an interface between 

the environment and the host, which must be ready to deal with any pulmonary 

challenges, without the initiation of overt inflammation, which may affect the 

function of the tissue.  
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1.7.1 Alveolar macrophages in homeostasis 

 Alveolar macrophages are the predominant immune cell of the airways, 

comprising 95% of the cells in the broncho-spaces. They are responsible for not 

only maintaining the function of the tissue, but also preventing infection, and 

maintaining proper homeostasis of the airways. A major role for alveolar 

macrophages is the clearance of surfactant, which is produced by epithelial cells to 

decrease the alveolar surface tension and allow for pulmonary compliance. A 

deficiency in alveolar macrophages results in a build up of pulmonary surfactant, 

and the development of pulmonary alveolar proteinosis (PAP), characterised by 

impaired gaseous exchange and a susceptibility to infections (Kumar et al., 2018).  

Alveolar macrophages also function to maintain homeostasis by clearing 

dead cells produced during normal cell turnover, and following infection. This 

process, termed efferocytosis, is performed by phagocytes to remove apoptotic 

cells, the internal contents of which can act as immunogenic stimuli and thereby 

elicit an unnecessary immune response. A number of surface receptors on alveolar 

macrophages are involved in efferocytosis. Many recognise phosphatidylserine 

(PtdSer), which lies in the inner leaflet of the plasma membrane of an intact cell, 

and becomes exposed during apoptosis (Huynh et al., 2002). Alveolar 

macrophages express many markers capable of apoptotic cell recognition, 

including TREM2 (Wu et al., 2015) and members of the TAM (Tyro3, Axl and 

MerTK) family (Fujimori et al., 2015, Freeman et al., 2010). Individual members of 

the TAM family have proved important in a spectrum of lung infections (Chan et al., 

2016, Schmid et al., 2016). While MerTK is expressed on all tissue macrophages, 

the expression of Axl is only found on lung, liver and splenic macrophages 

(Misharin et al., 2013, Fujimori et al., 2015, Zagórska et al., 2014, Grabiec et al., 

2018). Compared to the phagocytosis of pathogens, the act of efferocytosis 

promotes a “tolerogenic” phenotype in the macrophage, by reducing the production 

of pro-inflammatory cytokines, while inducing anti-inflammatory signals such as IL-

10 and TGFβ (Huynh et al., 2002, Voll et al., 1997). Engagement of the TAM 

receptors induces the phosphorylation of SOCS-1 and SOCS-3, which inhibit the 

production of pro-inflammatory cytokines (Rothlin et al., 2007). 
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1.7.2 Alveolar macrophages during inflammation 

Therefore, at steady state, alveolar macrophages are thought to maintain a 

tolerogenic environment. However, in response to infection this can dramatically 

change. Often termed the “gatekeepers” of the lung, alveolar macrophages are 

decisive in the response to a respiratory challenge. Many foreign, 

immunostimulatory particles are inhaled with every breath, and before initiating 

overt inflammation alveolar macrophages can silently remove the challenge. To 

function in this role, they are equipped with a number of resources to allow a 

contained response to a minor challenge, including an exemplary ability for 

phagocytosis. For example, at low doses of S. pneumoniae, alveolar macrophages 

can independently clear the bacteria and resolve infection (Dockrell et al., 2003). 

However, should there be a need for the recruitment of additional immune cells, 

macrophages are a potent source of pro-inflammatory cytokines and chemokines.  

Upon pathogen detection, alveolar macrophages produce pro-inflammatory 

cytokines capable of orchestrating an appropriate immune response. Although the 

recruitment of immune cells might be necessary to help clear infection, such as in 

the instance of an overwhelming inoculum of S. pneumoniae, this can also have 

local consequences for tissue integrity, and must be tightly regulated to prevent 

aberrant damage. In many cases, alveolar macrophages may be capable of 

dealing with the infection themselves.  

 

1.7.3 Alveolar macrophages in repair 

In addition to their role in initiating inflammation, alveolar macrophages are 

pivotal in reinstating homeostasis following infection. The phenotype and function 

of macrophages in the resolution of inflammation, and tissue repair is the subject of 

great interest, as aberrant repair can lead to the development of chronic conditions 

such as fibrosis. Following damage, macrophages aid wound healing and tissue 

repair, by interacting with the extracellular matrix (ECM). Initially, they produce a 

number of growth factors, such as TGFβ and VEGF (Henke et al., 1993, Medford et 

al., 2009). These soluble mediators stimulate the differentiation of myofibroblasts to 

synthesise ECM components (Rom et al., 1988, Schultz and Wysocki, 2009). 
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However, TGFβ can be pro-fibrotic, and the extent of fibrosis induced by bleomycin 

can be reduced following the inhibition of TGFβ (Ueno et al., 2011). 

While macrophages produce factors that stimulate collagen production and 

deposition, they also synthesise matrix metallaproteinases (MMPs), which can 

degrade certain ECM proteins during tissue remodelling. This has been implicated 

in allowing epithelial migration during repair, and preventing excess deposition of 

other ECM components, which can lead to fibrosis (Wynn and Vannella, 2016). 

Many MMPs are seen to be locally up-regulated in situations of repair, although the 

precise roles and redundancies of these enzymes is yet to be fully elucidated, as 

many individual MMP knockouts show no defects in repair (Rohani and Parks, 

2015). 

The upregulation of Arginase 1 is a characteristic feature of macrophages 

involved in tissue repair (Daley et al., 2010). Arginase 1 metabolises arginine into 

ornithine, which is a precursor to many components of the extracellular matrix, 

such as collagen and polyamines. Arginine can also be catalysed by nitric oxide 

synthase (NOS), a pathway which results in the production of the pro-inflammatory 

nitric oxides. Therefore, the induction of Arginase 1 by the cytokine milieu of the 

lung reduces the availability of arginine to be metabolised by NOS, and therefore is 

not only important in promoting repair, but also limiting further inflammation.  

Clearly, the breadth of roles described can only be achieved by a highly 

plastic cell type, and the alveolar macrophage population within a healthy human 

lung may comprise a number of phenotypes (Bazzan et al., 2017, Taylor et al., 

2000). Macrophage populations were initially divided based on their mutually 

exclusive responses to the Th1 or Th2 cytokines IFNγ or IL-4 respectively. It has 

now been demonstrated that this simple distinction does not reflect the broad range 

of activation states of an alveolar macrophages (Martinez and Gordon, 2014, 

Murray et al., 2014, Xue et al., 2014). It is accepted that alveolar macrophages may 

exhibit some overlapping features which do not allow their segregation into discrete 

subtypes, however, certain cytokines pertain in their ability to induce a classically 

activated/pro-inflammatory phenotype (IFNγ) vs an alternatively activated/pro-

repair phenotypes (IL-4). 
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1.7.4 The origin and development of alveolar macrophages 

 The myeloid origin of alveolar macrophages was initially defined as part of 

Van Furth’s mononuclear phagocyte system (MPS). This stipulated a common 

monocyte precursor for all tissue macrophages and dendritic cells (van Furth and 

Cohn, 1968), and was supported by experiments demonstrating a monocyte 

progenitor to be multipotent in vivo (Fogg et al., 2006). These conclusions were 

confirmed in irradiation chimeras, where it was observed that macrophage 

populations were replaced by cells from the donor bone marrow (Godleski and 

Brain, 1972). Additionally, in vitro experiments demonstrated the ability of bone-

marrow derived monocytes to differentiate into dendritic cells and macrophages of 

many phenotypes seen in vivo (Bruno et al., 2001, Sallusto and Lanzavecchia, 

1994, Italiani et al., 2014).  

These experiments appeared to support the dogma of Van Furth; that all 

myeloid cells of every lineage are produced by a bone-marrow derived, monocytic 

precursor. However, a major caveat of genotoxic ablation is that many tissue 

resident cells will die, and are replaced by hematopoietic progenitors. While these 

experiments demonstrate the potential of BM precursors to produce tissue resident 

macrophages, they do not correctly address the origin of these cells under steady 

state. In experiments where the lung was shielded from irradiation, it was observed 

that bone-marrow derived monocytes did not significantly contribute to alveolar 

macrophages (Murphy et al., 2008). To investigate macrophage turnover without 

perturbing the host population, the circulation of congenically marked mice has 

been mixed in parabiosis experiments. These studies have demonstrated over an 

extended period that at steady state, macrophage populations in the lung and brain 

remain exclusively of host origin (Jakubzick et al., 2013, Guilliams et al., 2013, 

Parwaresch and Wacker, 1984, Ginhoux et al., 2010).  These results demonstrate 

the ability of alveolar macrophages to maintain a population independently of cells 

derived from the bone marrow.  

The origin of macrophages has been established using fate-mapping 

systems. These experiments involve inducing the permanent fluorescence of a cell 

at various developmental stages, which can then be tracked in the adult mouse 

(Yona et al., 2013, Gomez Perdiguero et al., 2015, Ginhoux et al., 2010). For 

example, in the embryo, Runx1 is expressed in the yolk sac from E6.5. The 
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induction of fluorescence in Runx1+ cells by tamoxifen pulses during development 

has shown that microglia develop from Runx1+ progenitors, early in embryonic 

development (E7.0), and lung macrophages are established from a later Runx1+ 

progenitor (E8.5) (Ginhoux et al., 2010). Additionally, a Tie2 progenitor has been 

postulated to be responsible for the generation of macrophages, at E7.5-E8.5 

(Gomez Perdiguero et al., 2015).  

In an adult mouse, the expression of CX3CR1 is observed in a number of 

myeloid cells, and has been used extensively for fate mapping studies. A CX3CR1+ 

progenitor was found to be multipotent for dendritic cell and macrophage 

populations (Fogg et al., 2006). Monocyte populations can be separated based on 

their expression of CX3CR1 (Geissmann et al., 2003). The CX3CR1-dependent 

expression of GFP in a combination of mouse models has provided insight into the 

developmental precursors of myeloid cells, such as alveolar macrophages (Yona et 

al., 2013). CX3CR1gfp mice report fluorescence in cells that actively express 

CX3CR1. In CX3CR1cre mice, cells that have expressed CX3CR1 at a prior point 

become permanently fluorescently labelled. Additionally, GFP expression can be 

temporally induced in CX3CR1+ cells (CX3CR1creER). For example, alveolar 

macrophages do not express CX3CR1 at steady state, but are fluorescently 

labelled in the CX3CR1cre mouse, indicating that a precursor was CX3CR1+. This 

was identified to be a pre-natal precursor, as tamoxifen induction of GFP in 

CX3CR1+ cells in adult mice did not label alveolar macrophages (Yona et al., 2013). 

Other genes have been employed in fate reporting, such as S100a4 or Mx1. 

The high expression of these genes in monocyte populations can indicate 

monocyte contribution to tissue-resident macrophage populations, although many 

of these genes are not expressed exclusively by either monocytes or macrophages 

(Hoeffel et al 2015, Hashimoto et al 2013).  

 Many groups have converged on an embryonic origin for most tissue 

resident macrophage populations. Three distinct developmental waves are 

responsible for the production of adult immune cells. A primitive wave of 

haematopoiesis produces macrophages derived from the yolk sac. The ability of 

these cells to produce tissue resident macrophage populations is contested 

(Gomez Perdiguero et al., 2015, Ginhoux et al., 2010, Ginhoux and Guilliams, 2016, 

Perdiguero and Geissmann, 2016). Although some groups believe these cells are 

direct precursors for microglia (Ginhoux et al., 2010), others have described them 
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as an erythro-myeloid precursor (EMP), which further proliferates in the fetal liver to 

seed tissue resident macrophages (Gomez Perdiguero et al., 2015). This 

intermediary niche is important, as EMPs are not capable of establishing 

macrophages in an immunodeficient animal (McGrath et al., 2015), and must 

expand and differentiate in the fetal liver, prior to establishing many tissue resident 

macrophage populations, including in the lung, liver, heart and skin (Guilliams et al., 

2013, Molawi et al., 2014, Epelman et al., 2014a, Hoeffel et al., 2015). Much 

debate remains concerning the heterogeneity, nomenclature and developmental 

timing of EMPs in the yolk sac and fetal liver (Hoeffel et al., 2015, Gomez 

Perdiguero et al., 2015). The final developmental wave, considerably later at E17.5, 

accounts for hematopoietic stem cells, which are responsible for the production of 

all myeloid cells derived from the bone marrow.  

 Alveolar macrophages arise from a fetal liver precursor (Guilliams et al., 

2013, Schneider et al., 2014b), rather than a yolk-sac or bone-marrow progenitor 

(van de Laar et al., 2016, Schulz et al., 2012). During the first week of post-natal 

life, these cells migrate to the luminal side of the lung (Guilliams et al., 2013). From 

this point, they maintain an embryonic origin, and are self-sufficient for their own 

maintenance, with minimal contribution from circulating monocytes (Hashimoto et 

al., 2013, Guilliams et al., 2013).  This is supported by human studies of lung 

transplants, where even 5 years after transplant, the majority of lung macrophages 

remain of donor origin (Nayak et al., 2016, Eguíluz-Gracia et al., 2016).  

 

1.7.5 The differentiation of alveolar macrophages 

The development of alveolar macrophages depends on the local production 

of GM-CSF, and the autocrine production of TGFβ (Yu et al., 2017, Guilliams et al., 

2013, Schneider et al., 2014b). The action of both GM-CSF and TGFβ is exerted in 

parallel via the induction of PPAR-γ (Yu et al., 2017). PPAR-γ is a key transcription 

factor involved in the differentiation of alveolar macrophages (Schneider et al., 

2014b). Initially described in the differentiation of adipocytes, this type II nuclear 

receptor initiates a transcriptional programme of lipid metabolism (Schneider et al., 

2014b, Tontonoz and Spiegelman, 2008). Lipid metabolism by alveolar 

macrophages is central to the ability of these cells to clear surfactant produced by 
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epithelial cells (Trapnell and Whitsett, 2002, Rider et al., 1992), to prevent alveolar 

collapse during respiration, and allow efficient gaseous exchange. The absence of 

GM-CSF affects the development of alveolar macrophages regardless of origin 

(Schneider et al., 2014b, Guilliams et al., 2013). An accumulation of lipids and 

surfactant is evident in macrophages in GM-CSF, or PPAR-γ deficient mice 

(Dranoff et al., 1994, Stanley et al., 1994, Shibata et al., 2001, Schneider et al., 

2014b), and results in the development of pulmonary alveolar proteinosis (PAP) 

(Guilliams et al., 2013, Stanley et al., 1994, Robb et al., 1995). Neutralising 

antibodies to GM-CSF are found in human cases of idiopathic PAP, and airway 

fluids obtained from these patients strongly inhibits monocyte differentiation 

(Tanaka et al., 1999).  

Bach2 is also required to instruct the correct differentiation of alveolar 

macrophages, and while the deficiency of Bach2 actually increases macrophage 

number, these cells cannot clear surfactant, and are defective in their ability to 

handle lipids (Nakamura et al., 2013).  

Another transcription factor central to macrophage function is PU.1. PU.1 is 

a pioneering Ets transcription factor important in the late stages of myeloid 

development (Anderson et al., 1998). PU.1 is induced by GM-CSF, and co-

operates with lineage determining transcription factors (LDTF) such as PPAR-γ, 

nucleosome remodelling factors and histone modifiers to establish macrophage 

identity and function (Heinz et al., 2010, Lara-Astiaso et al., 2014, Shibata et al., 

2001, Heintzman et al., 2009). The progressive deposition of histone marks, such 

as latent enhancers (H3K4me1), and markers of active chromatin (H3K27ac) have 

been identified during key developmental branching points of the hematopoetic 

stem cell lineage (Lara-Astiaso et al., 2014), which result in a distinct enhancer 

repertoire in terminally differentiated macrophage populations (Gosselin et al., 

2014). This can promote the binding of transcription factors important in 

establishing a cellular identity and function (Gautier et al., 2012b, Lavin et al., 2014). 

 

1.7.6 The impact of environment on macrophage identity 

The heterogeneity observed in macrophage populations throughout the 

body is dictated by the functional requirements of these cells to their niche. 
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Although a “core” transcriptional signature of macrophage populations is 

maintained, environmental signals derived from the cellular niche are paramount in 

the instruction of macrophage function. This is demonstrated by the ability of a 

terminally differentiated peritoneal macrophage to drastically change its expression 

profile following transfer into the lung, so that it is indistinguishable from an alveolar 

macrophage (Lavin et al., 2014). Local lung cells produce signals, such as GM-

CSF and TGFβ, are crucial in instructing macrophage identity and function in the 

pulmonary environment as previously described (van de Laar et al., 2016, Lavin et 

al., 2014).  

Although there is a clear imposition of the environment on macrophage 

function and transcriptional profile, it is yet to be determined whether origin is also 

responsible for other macrophage characteristics, such as longevity. Alveolar 

macrophages exhibit a slow turnover, and are proficient in self-renewal, a feature 

observed in other embryonically derived macrophage populations such as microglia 

(Ajami et al., 2007). An alveolar macrophage at steady state is long lived, with 

minimal turnover. This has been demonstrated by labelling alveolar macrophages 

with a fluorescent dye, which dilutes upon cell division. In this example, alveolar 

macrophages maintain a high fluorescence over the course of one month, 

demonstrating minimal turnover (Murphy et al., 2008). Following prolonged BrdU 

treatment alveolar macrophages maintain high levels of this thymidine analogue 

over 21 days, indicating a distinct longevity and lack of proliferation by these cells 

(Hashimoto et al., 2013). In contrast, monocytes have an extremely short half-life, 

estimated to be less than one day (Yona et al., 2013). The longevity of monocytes 

upon macrophage differentiation has not been thoroughly investigated.  In chimeric 

models utilising whole body irradiation to study alveolar macrophages, these cells 

are replaced by bone-marrow derived monocytes, and display a much shorter half 

life, in the region of one month (Murphy et al., 2008). Although models of genotoxic 

cell ablation do not represent a physiological situation, and can vary heavily 

depending on the dose of irradiation and strain of mouse, these experiments may 

indicate a decreased longevity of monocyte-derived alveolar macrophages, relative 

to embryonic counterparts.  

Another characteristic feature of alveolar macrophages is their singular 

capacity for self-renewal. This is due to a low expression of the transcription factors 

cmaf and mafB, which directly repress a self-renewal gene network in 
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macrophages (Soucie et al., 2016). The absence of cmaf/mafB in alveolar 

macrophages allow the transcription of a network of self-renewal genes, which is 

further amplified upon M-CSF stimulation (Soucie et al., 2016). This is 

disconnected from the master transcription factor PU.1, which indicates that 

macrophage identity is distinct from the ability to self-renew. As of yet, whether this 

transcriptional program is a result of the environment or origin, are yet to be 

determined. 

In combination with their long half-life, the ability for self-renewal results in a 

population of alveolar macrophages that maintain an embryonic origin over the life 

of a mouse. Monocyte-derived macrophages have also demonstrated a certain 

capacity for persistence in the tissue, (Misharin et al., 2017, Machiels et al., 2017), 

accompanied by the ability for local proliferation (Huang et al 2018). The precise 

signals that determine local macrophage proliferation vs monocyte recruitment in 

infection are important, particularly if this has consequences for the infection, or 

recovery (Jenkins et al., 2011). IL-4 has been shown to promote the proliferation of 

local macrophage populations (Jenkins et al., 2011), although the synergistic co-

operation of IL-4 with local factors, such as SP-A in the lung, or C1q in the 

peritoneum may also be required (Minutti et al., 2017). 

 

1.7.7 Interactions between alveolar macrophages and epithelial cells 

Epithelial cells are capable of instructing macrophage phenotype, via 

soluble factors and direct communication. Alveolar macrophages reside in the 

lumen, at a ratio of approximately 1 macrophage to every three alveoli, and are 

observed to be relatively immobile, even in the presence of bacterial stimuli 

(Westphalen et al., 2014). The tight contact between these cells is evidenced by a 

synchronous calcium flux in alveolar macrophages and epithelial cells in response 

to LPS (Westphalen et al., 2014). Additionally, there are many examples of 

macrophage-epithelial communication in the regulation of lung inflammation, many 

of which are soluble factors. Alveolar epithelial cells express CD200, which 

interacts with CD200R on alveolar macrophages to restrict inflammation at steady 

state, but also during respiratory infection (Snelgrove et al., 2008). Surfactant 

protein produced by epithelial cells can negatively regulate the activation of 
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alveolar macrophages (Haczku, 2008). Recent attention has focused on the 

transfer of vesicles between epithelial cells and macrophages, in both directions. 

Macrophages have been demonstrated to secrete vesicles containing SOCS 

proteins, which dampen the production of pro-inflammatory cytokines by epithelial 

cells (Bourdonnay et al., 2015), although the precise in vivo situations in which this 

occurs are still to be determined. Additionally, following the stimulation of alveolar 

macrophages with Th2 cytokines, such as IL-13, they secrete IGF-1 (Insulin-like 

growth factor 1). In response to IGF-1, epithelial cells reduce their phagocytosis of 

larger objects such as cells, while becoming more permissive to microvesicles, 

which may additionally alter epithelial cell function (Han et al., 2016). Conversely, 

hypoxia induces the secretion of microvesicles by epithelial cells, which induces 

inflammation in alveolar macrophages (Moon et al 2015). Therefore, the lung is a 

complex environment with multiple communicatory interactions, which regulate 

homeostasis and restrict potentially aberrant inflammation.  

 

1.7.8 Differential function of resident vs recruited macrophages  

Although alveolar macrophages develop from embryonic derived precursors 

in the steady state, monocytes originating in the bone-marrow are capable of 

differentiation into alveolar macrophages, under permissive conditions (Guilliams 

and Scott, 2017, van de Laar et al., 2016).  

Many macrophage populations are subject to replacement by monocyte-

derived cells under steady state. The rate of replacement differs for every organ, 

and although the precise environmental cues that determine the replacement are 

yet to be defined, it has been proposed that availability to the niche may be central 

to the degree of monocyte infiltration and differentiation (Guilliams and Scott, 2017). 

In accordance with this, a minimal contribution of monocytes is seen to the alveolar 

macrophage population during homeostasis (Hashimoto et al., 2013, Guilliams et 

al., 2013). Conversely, in conditions of severe depletion, such as infection or 

irradiation, a significant population of bone-marrow derived cells develop into 

alveolar macrophages. An exception to this is observed when donor bone marrow 

is unresponsive to GM-CSF, and alveolar macrophages maintain their embryonic 

identity even following lethal irradiation (Hashimoto et al., 2013). Therefore, 
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monocytes may display an inherent competitive fitness in conditions of replenishing 

the pulmonary niche, although this has yet to be fully elucidated. In a competitive 

model to re-establish a lung empty of alveolar macrophages, fetal liver monocytes 

were identified to be the most able precursor, and indeed were most responsive to 

GM-CSF (van de Laar et al., 2016). However, many infectious models have 

demonstrated monocytes to outcompete their embryonically derived counterparts in 

re-establishing the niche (Machiels et al., 2017, Misharin et al., 2017), although this 

may be dependent on the precise model and extent of macrophage depletion 

(Hashimoto et al., 2013, Janssen et al., 2011). Environmental factors may 

contribute heavily to the extent of local macrophage proliferation, relative to 

monocyte recruitment. Proliferation of resident pleural macrophages is dependent 

on IL-4 in a model of helminth infection (Jenkins et al., 2011). The proliferation of 

resident macrophages in the lung may require additional signals, such as SP-A 

(Minutti et al., 2017). Additional environmental signals may favour monocyte 

recruitment and differentiation, relative to the proliferation of resident macrophages, 

during situations of inflammation.  

There is clear evidence that monocyte-derived macrophages can exert 

differential functions that may affect the health and responsiveness of the tissue. 

This may be dependent on the context in which monocytes differentiate, as minor 

differences relative to origin have been described when monocytes differentiate in 

non-inflammatory conditions (van de Laar et al., 2016, Scott et al., 2016). However, 

following injury, many transcriptomic differences are observed in monocyte-derived 

macrophages with detrimental consequences for tissue repair (Misharin et al., 

2017). The prevention of monocyte recruitment is beneficial in the context of wound 

repair in the heart (Kaikita et al., 2004, Lavine et al., 2014) and liver (Mitchell et al., 

2009).  

Indeed, the context in which monocytes differentiate into macrophages can 

impact their subsequent function and the responsiveness of the lung. The 

recruitment and differentiation of monocytes during gammaherpes virus infection 

inhibit the development of subsequent allergic asthma. This is due to a more 

tolerant, regulatory phenotype which prevents the induction of an excessive T-cell 

response (Machiels et al., 2017). Additionally, monocyte-derived macrophages that 

develop in allergic asthma provide protection to S. pneumoniae infection, by 

restraining the extent of inflammation during the secondary bacterial infection 
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(Sanfilippo et al., 2015). Conversely, the differentiation of monocytes into alveolar 

macrophages following bleomycin induced lung injury can drive the severity of 

fibrosis (Misharin et al., 2017, McCubbrey et al., 2018). Monocytes differentiate into 

interstitial macrophages during Mycobacterium tuberculosis infection, and 

contribute to host protection, due to higher production of nitric oxide and changes in 

metabolism (Huang et al., 2014). Monocytes have been demonstrated to persist for 

months following their recruitment; at which point the expression differences 

relative to origin markedly disappear (Misharin et al., 2017).  

Origin may play a minimal role in macrophage function at steady state, but 

may be more pertinent to cells which development during inflammation. Further 

work needs to be done to dissect the phenotype of monocytes recruited under 

inflammatory conditions, relative to steady state, and whether this has any 

consequences for long-term lung responsiveness.  

 

1.7.9 Populations of lung macrophages 

The recent advent of experimental techniques that allow an unbiased 

dissection of cellular populations has contributed significantly to an understanding 

of the diversity of immune cells (Jaitin et al., 2014, Schlitzer et al., 2015, Paul et al., 

2015). The use of single cell approaches, and fate reporters has significantly 

expanded the definition of terminally differentiated dendritic cells and their 

developmental intermediates (Ginhoux and Guilliams et al 2016). However, the 

precise nature of lung macrophage populations is still elusive. Macrophages in the 

lung, characterised by their dual positivity for MerTK and CD64 can be separated 

broadly into “alveolar” and “interstitial” populations, based on their respective 

expression of Siglec F and CD11b (Gautier et al., 2012b). Alveolar macrophages 

are the most abundant, and well characterised of these populations (Gautier et al., 

2012b, Gibbings et al., 2017). Much is still unknown about the heterogeneity, origin, 

and function of interstitial macrophages.  

Alveolar macrophages reside in the alveolar space of the lung, whereas 

interstitial macrophages are observed in the bronchial interstitium, and not in the 

lung parenchyma at steady state (Gibbings et al., 2017) Previous studies have 

failed in their ability to definitively discriminate between macrophage populations 
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based on their surface markers, and conclusions about origin have arisen from the 

separation of macrophages in broncho-alveolar lavage fluid and whole lung 

(Landsman and Jung, 2007). As of yet there is no definitive evidence that interstitial 

macrophages are the precursors for alveolar macrophages. 

Interstitial macrophages are a highly heterogeneous population (Gibbings et al., 

2017), with varied levels of MHCII and CD206. Interstitial macrophages show a 

higher turnover, and replacement by monocytes than their alveolar counterparts 

(Gibbings et al., 2017). However, interstitial macrophages can also expand in a 

CCR2 independent fashion, following pulmonary CpG treatment (Sabatel et al., 

2017), and this population of macrophages produces significant amounts of IL-10, 

which prevents the development of allergic asthma. It has been proposed that the 

heterogeneity of interstitial macrophages seen in the steady state lung represents 

the developmental intermediates between the monocyte and the differentiated 

macrophage (Koch et al., 2017). The function and importance of interstitial 

macrophages is less well defined, although they have been postulated to have 

roles in tissue remodelling and immune responses (Franke-Ullmann et al., 1996, 

Bedoret et al., 2009), and have shown to be important sources of IL-10 (Sabatel et 

al., 2017). The role of these cells in disease, and disease resolution are yet to be 

determined.  
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1.8 General Aims: 

As outlined in the introduction, influenza is a common human pathogen, which may 

affect many parameters of human immunity. We broadly aimed to investigate 

whether influenza infection induced long-term changes in lung immunity, including 

the subsequent susceptibility to unrelated infections. In this way, we develop a 

mouse model which is more representative of sequential polymicrobial exposure in 

humans.  

 

Firstly, a model of bacterial challenge following influenza clearance and resolution 

was established. This allowed us to investigate whether mice had altered 

susceptibility to an antigenically distinct pathogen following influenza infection.  

Secondly, to detect if stable changes are induced in the lung environment as a 

result of influenza infection, a global analysis of cells and gene expression post-

influenza was conducted.  

 

This work aims to shed light on the potential of a single transient respiratory 

infection to educate the lung environment for a significant period of time following 

clearance and resolution.  We aimed to investigate the mechanisms by which 

influenza can influence subsequent infections, and bring the current laboratory 

mouse model immunologically closer to the human situation.  

 

 

 

Chapter 2. Materials & Methods 

2.1.1 Mice and infections 

All experiments used mice at 8-10 weeks of age bred at the MRC-National Insititute 

for Medical Research (NIMR) in Mill Hill (2013-2016), and subsequently at the 

Francis Crick Institute (2016-2018) under specific pathogen free conditions. All 

animal experiments were approved by the Home Office, UK, under the Animals 

(Scientific Procedures) Act 1986 under the project licence 70/7643. All genotypes 

used were bred on a C57BL/6 background, and maintained as homozygous lines. 
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Genotypes used were C57BL/6 JAX, CD45.1 (B6.SJL.CD45.1), CCR2KO (Kindly 

given by Dr. Jean Langhorne and Dr. Anne O’Garra, The Francis Crick Institute, 

originally obtained from Taconic: Line 3736), IL-6KO (Kindly given by Dr. Caetano 

Reis e Sousa, The Francis Crick Institute, originally generated by Manfred Kopf 

and Georges Kohler and imported from Jackson, Stock No 002650).  

 

Mice were infected with Influenza (X31) and Streptococcus pneumoniae (TIGR4) 

under light anaesthesia (3% isoflurane). Substances were diluted in PBS 

(phosphate buffered saline) and administered in 30µl intranasally.  

With the exception of chimeras, mice were infected at 8-10 weeks of age with 

influenza (X31).  At 28-32 days (1 month) or 58-64 days (2 months) following 

influenza infection, mice were challenged with S. pneumoniae (TIGR4).  Influenza 

infections were performed in the morning (8-11 a.m.), and S. pneumoniae 

infections were performed in the afternoon (2-6 p.m.) 

 

2.1.2 Clinical scoring and endpoints: 

Pre-infection body weights were recorded, and mice were weighed daily (at similar 

times of day), and monitored for clinical symptoms. Mice reached clinical endpoint 

following the loss of 25% of their initial starting weight, or at a clinical score of >5. 

Clinical scores were determined by (1 point each) piloerection, laboured breathing, 

hunched posture, partially closed eyes, laboured breathing, hypothermia, 

decreased movement, movement only on provocation or (2 points) absence of 

movement on provocation or (5 points) middle ear infection (disrupted balance).  

 

2.1.3 Influenza virus preparation: 

The mouse-adapted strain of influenza used for infections was X31 (H3N2 A/Hong 

Kong/X31/68). X31 is a reassortment of A/PR/8/34 (H1N1), and was a kind gift 

from Dr J. Skehel and Dr. J McCauley (The Francis Crick Institute). Virus was 

grown in the allantoic cavity of 10-day embryonated hen’s eggs. TCID50 was 

calculated according to the Spearman-Karber method following the titration of virus 

on confluent monolayers of MDCK (Madin-Darby Canine Kidney) cells, with cellular 
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lysis observed after 3 days. Virus was and determined to be free of bacterial, 

mycoplasma and endotoxin contamination, and stored at -80°C.  

 

2.1.4 Streptococcus pneumoniae preparation 

A frozen vial of S. pneumoniae (TIGR4, serotype 4) was a kind gift from Dr. Klaus 

Okkenhaug (Babraham institute). This bacterial stock was passaged through mice 

to generate frozen stocks used for infection. Mice were infected at a high dose (1 x 

107 CFU/50µl) intranasally, and 24 hours later the spleen was harvested in PBS, 

homogenised through a 70µm strainer and serial dilutions were plated on a blood 

agar plate (brain heart infusion agar plates supplemented with defibrinated horse 

blood) to determine systemic infection. Plates were incubated at 37°C, 5% CO2 for 

24 hours, after which 2-3 colonies were picked from the plate and inoculated into 

BHI (Brain Heart Infusion) medium and cultured statically overnight at 37°C, 5% 

CO2. The overnight culture was diluted 1:50 in pre-warmed BHI medium and 

cultured to mid-log phase (OD590 = 0.5-0.7). Bacteria were collected by 

centrifugation (4000 rpm for 15 mins) and resuspended in sterile PBS/10% glycerol 

(OD590 = 1), snap frozen and stored at -80°C. Colony forming units (CFUs) were 

determined by plating serial dilutions on blood agar plates and incubating overnight 

at 37°C, 5% CO2. Identity of S. pneumoniae was confirmed by a ring of α-

hemolysis around colonies grown on blood agar, sensitivity to optochin, and 

analytical profile index (API) testing (with thanks to Alec Gallagher). Virulent stocks 

were maintained by in vivo passage of bacteria through mice every 6-12 months. 

Stocks were defrosted and diluted in PBS prior to infections.  

 

2.1.5 Mouse treatments 

Mouse treatments (such as PKH26-PCL, LPS, IL-6 and anti-IL-6) were delivered 

under light anaesthesia (3% isoflurane) in 50µl intranasally to ensure delivery to the 

lower airways. LPS (1.5µg/50µl) (EnzoLifeSciences)  

IL-6 (500ng/50µl) (R&D) was delivered at -3hr and +16hrs relative to S. 

pneumoniae infection. 
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α-IL-6 (Clone MP5-20F3) was a kind gift from Dr. Stefan Rose-John (University of 

Kiel) and delivered at 90µg/50µl 1 hour prior to S. pneumoniae infection.  

15µM/mouse PKH26 (Sigma) was delivered into mice intravenously (100 µl) or 

intranasally (50µl) under light anaesthesia. A working stock of 100µM PKH26-PCL 

was made in absolute ethanol, which was then diluted in diluent.  

 

 

2.1.6 Microarray 

Lungs taken from day 28 post-influenza mice or naïve mice were homogenized in 

TRI Reagent (RiboPure kit, Ambion), using the Polytron PT 10–35 GT (Kinematica). 

Total RNA was isolated according to manufacturer’s instructions. RNA was 

hybridized to Illumina.SingleColor.Mouse WG-6_V2_0_R0_1127 microarrays. The 

raw intensities values for each entity were preprocessed by RNA normalization 

against the median intensity in mock infected samples. Using GeneSpring 11.5, all 

transcripts were filtered based on signal values, to select the ones whose level of 

expression was in the 100-20th percentile, in at least 20% of samples. Volcano 

analysis (infected versus mock infected) was performed to identify gene 

significantly differentially expressed (≥2-fold change; p<0.05, Benjamini-Hochberg 

multiple test correction). 

 

2.1.7 Flow cytometry 

Processing organs into a single cell suspension 

BAL: Mice were terminated by an intraperitoneal injection of 600mg/kg 

Pentobarbital + 16mg/kg Mepivacaine, followed by confirmation by exsanguination. 

The lungs were washed with 500µl PBS. BAL was spun at 1400 rpm for 5 minutes 

at 4°C, and 300µl of supernatant was frozen at -80°C for cytokine analysis. Cells 

were continued as below. 

Lungs: Whole lungs were collected in gentleMACS C-tubes in 5ml AB IMDM and 

homogenised using a gentleMACS (Miltenyi) as per the manufacturer’s instructions. 

Lungs were digested with 20µg/ml Liberase TL (Roche) and 50µg/ml DNAse 1 

(Sigma) and further homogenised with the gentleMACS prior to being passed 
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through a 70µm strainer. Red blood cells were lysed in 5ml with 0.83% ammonium 

chloride, and the reaction was halted by excess addition of AB-IMDM.  

Spleen: Spleens were collected in 5ml AB IMDM and homogenised through a 

70µm strainer. Red blood cells were lysed in 5ml with 0.83% ammonium chloride, 

and the reaction was halted by excess addition of AB-IMDM.  

Blood: 50µl blood was collected by venepuncture from the tail vein, into 1:1 heparin 

sulphate (Sigma). Cells were stained in PBS with anti-FcγRIII/II (Fc block) and the 

relevant antibodies for 30 minutes at 4°C. Cells were then washed in PBS, and 

then red blood cells were lysed with BD FACS Lysing solution (BD Biosciences) for 

20 minutes in the dark at RT.  Cells were washed in PBS and acquired on an LSR 

Fortessa (BD).  

 

Staining cells 

Cells were stained in PBS with anti-FcγRIII/II (Fc block) and the relevant antibodies 

for 30 minutes at 4°C (See table 1). Cells were then washed in PBS, and then fixed 

in 2% PFA (Paraformaldehyde) (Fisher Scientific) for 15 minutes at room 

temperature, and washed twice in PBS. Cells were acquired on an LSR Fortessa 

(BD) and analysis was performed on FlowJo (Treestar).  

 

For intracellular staining of IL-6 and TNFα, alveolar macrophages were stimulated 

for 6 hours with 100ng/ml Pam3CSK4 (Enzo Life sciences) and then cultured for 

12-16 hours with 100ng/ml Pam3CSK4 and 10µg/ml Brefeldin (Sigma). Following a 

surface stain, cells were fixed in methanol-free PFA (Polysciences) for 30 minutes 

at room temperature, and then stained with intracellular antibodies in 

Permabilisation buffer (BD biosciences) for 30 minutes before being washed and 

resuspended in PBS.  

 

Net fluorescence: The geometric mean of a fluorophore from an “unstained” control 

(stained only with the necessary colours to permit cell identification) from the 

fluorophore from the complete panel. This was termed “Net fluorescence”, and was 

used to account for variations in auto-fluorescence between samples.  
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2.1.8 Imagestream 

Samples were acquired on an ImageStreamx MKII at 40x magnification, low flow 

rate, with the 405nm, 488nm, 561nm, 642nm and 785nm lasers un-shuttered and 

set at 120mW, 350mW, 200mW, 150mW and 0.9mW, respectively. 

 

ImageStream data was acquired using INSPIRE and analysed using IDEAS (both 

Amnis, Seattle). PLS-DA analysis was performed using R3.4.2 and RStudio 

 

 

2.1.9 Isolation of alveolar macrophages from whole lung 

Magnetic separation 

Whole lung was processed into a single cell suspension as previously described. 

Cells were counted and resuspended at a concentration of 1 x 107 cells in 70µl of 

MACS buffer (PBS + 2% Fetal Calf serum + 2mM EDTA), and FC-block for 4 

minutes on ice. Cells were incubated with biotinylated α-Siglec F (Miltenyi biotech) 

for 20 minutes on ice, and then washed. Streptavidin microbeads (Miltenyi Biotech) 

were added for 20 minutes on ice, before the cells were run through an LS-Column 

(Miltenyi Biotech) on the magenetic field of a MACS Separator (Miltenyi Biotech). 

The positively selected fraction was collected, and cells were plated at a density of 

100,000 cells/well in a flat-bottomed 96-well plate in RPMI 1640 

(BioWhittaker)(Supplemented with: 10% fetal calf serum, L-glutamine, penicillin, 

streptomycin, and β-Mercaptoethanol). Alveolar macrophages were adhered for a 

minimum of 2 hours and washed x1 in warm RPMI. Cells were stimulated with a 

final concentration of 100ng/ml Pam3CSK4 (EnzoLifeSciences) or LPS 

(EnzoLifeSciences) for 16 hours at 37°C, 5% CO2.  

 

For stimulation of cells with heat-killed Streptococcus pneumoniae, a vial of TIGR4 

was defrosted, spun at 3000 rpm for 15 minutes, and then resuspended in the 

appropriate volume of PBS for the stimulation. Heat-killing was done at 90°C for 20 

minutes in an eppendorf, which was agitated at several points during the incubation.  
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Cells were treated with cycloheximide (Sigma)(10µg/ml) for 30 minutes at 37°C, 5% 

CO2 prior to stimulation. At this time, media was replaced with stimulus 

(Pam3CSK4 100ng/ml) + cycloheximide (10µg/ml) and cells were cultured at 37°C, 

5% CO2 for a further 2 hours.  

  

2.1.10 FACS sorting  

Cell sorting was performed using a FACS Aria III (BD Biosciences). Cell 

suspensions were prepared and stained as described. Prior to sorting alveolar 

macrophages from Busulfan chimeras, these cells were enriched by using positive 

magnetic separation as described.  

 

2.1.11 Adoptive transfer 

Mice were infected with influenza or PBS as described. At one month post-infection, 

lungs from naïve and post-influenza mice were collected (x2 lungs per MACS C-

Tube) and digested (x1.5 the usual mix of digestive enzymes). Alveolar 

macrophages were enriched by positive magnetic selection using α-Siglec F, and 1 

x 106 mphs were transferred per recipient. Transfer was done in 20µl PBS by intra-

tracheal delivery. For intra-tracheal delivery, mice were anaesthetised with a 

solution (0.025ml/10g body weight) containing Fentanyl (0.05mg/kg), Midazolam 

(5mg/kg) and Medetomidine (0.5mg/kg) and was delivered by intraperitoneal 

injection. Mice were revived with a solution (0.085ml/10g body weight) which 

contained Naloxone (1.2mg/kg), Flumazenil (0.5mg/kg) and Atipamezole 

(2.5mg/kg) and was delivered by intraperitoneal injection. 

 

2.1.12 Luminol 

1 x 105 alveolar macrophages isolated from the lungs of naïve, and post-influenza 

mice, were plated on a white 96-well flat-bottom plate in 100µl and allowed to settle 

for 1 hour at room temperature 50µM of luminol (Sigma) and 1.2U/ml Horseradish 

Peroxidase (Sigma) were added with 15µl of TIGR4 (1 x 104 CFU). The plate was 
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spun to collect stimulus and luminescence was immediately read on a Safire II 

plate reader (Tecan).  

 

2.1.13 Phagocytosis assay 

To measure phagocytosis of S. pneumoniae by alveolar macrophages, a protocol 

from the Fleischman lab was adapted. 1 x 109 CFU/ml TIGR4 was labelled with 

5µM/ml CFSE (Sigma) for 1 hour in the dark at room temperature while rocking. 

Alveolar macrophages were isolated from naïve and post-influenza lungs as 

described. 1 x 105 alveolar macrophages were incubated with CFSE labelled, or 

unlabelled bacteria for 1 hour in the dark in a U-bottomed plated at 37°C, 5% CO2. 

Cells were washed with PBS three times, and then stained with appropriate 

antibodies for 30 minutes at 4°C. Immediately prior to acquiring cells on an LSR 

Fortessa, Trypan blue (1/4 dilution) was added to cells to quench signal from 

external CFSE. The background from the samples incubated with unlabelled 

bacteria was subtracted from the samples incubated with labelled bacteria to 

determine CFSE fluorescence.   

 

2.1.14 Quantification of cytokines 

To quantify protein in the airways, mice were culled using 600mg/kg Pentobarbital 

+ 16mg/kg Mepivacaine. Broncho-alveolar lavage (BAL) fluid was collected in 400-

500µl PBS and centrifuged at 1400 rpm for 5 minutes at 4°C. Supernatants of BAL 

and cells were collected and stored at -20°C. 

The concentration of IL-6 and TNFα were measured using enzyme-linked 

immunosorbent assay (ELISA) mouse eBioscience Ready-set-Go kits as per the 

manufacturer’s instructions and read on a Safire II plate reader (Tecan). The 

ProcartaPlex Cytokine & Chemokine Mouse 36-Plex (eBioscience) was used to 

assess the concentrations of 36 cytokines (GM-CSF, IFN-gamma, IL-1 beta, IL-

12p70, IL-13, IL-18, IL-2, IL-4, IL-5, IL-6, TNF-alpha, ENA-78, G-CSF, IFN-alpha, 

IL-1 alpha, IL-15/IL-15R, IL-28, IL-3, IL-31, LIF, M-CSF, IL-10, IL-17A, IL-22, IL-23, 

IL-27, IL-9, Eotaxin, GRO-alpha, IP-10, MCP-1, MCP-3, MIP-1 alpha, MIP-1 beta, 

MIP-2, RANTES) and read on a Luminex 100 (BioRad).   
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2.1.15 Quantification of transcripts 

Lungs were collected in either TRI-Reagent (RiboPure kit, Ambion) or RNA-Later 

(Sigma). Lungs isolated in RNA-later were stored for 2 hours at +4°C prior to 

storage at -80°C. Lungs were homogenised using the Polytron PT 10–35 GT 

(Kinematica). Total RNA was extracted using either the phenol/chloroform 

extraction (Ambion) for lungs in TRI-Reagant, or the RNeasy Micro kit (Qiagen) for 

lungs in RNA-Later, following the manufacturer’s instructions. 

 

For alveolar macrophages in culture, supernatant was removed, and cells were 

lysed in 350µl RLT (Qiagen) + β-Mercaptoethanol (Sigma). RNA was extracted 

according to the manufacturer’s instructions using RNeasy Micro kit (Qiagen). 

 

RNA concentration was measured using a ND-1000 Spectrophotometer (NanoDrop 

Technologies) 

 

cDNA was generated from RNA using Thermoscript RT-PCR system, following the 

manufacturer’s instructions (Invitrogen). cDNA was then used to quantify the 

housekeeping gene (hprt) and other genes of interest (Table 1 and Table 2) by 

quantitative real-time PCR (qRT-PCR) using oligos by TaqMan Gene Expression 

Assays, universal PCR Master Mix and the ABI-PRISM 7900 sequence detection 

system (all Applied Biosystems). Alternatively, cDNA was used for qRT-PCR using 

Power SYBR Green PCR Master Mix (Applied Biosystems) and appropriate 

primers (Table 3). 

The amount of mRNA relative to hprt was assessed using ΔCt method. Viral RNA 

was quantified by qRT-PCR of the influenza matrix gene and expressed relative to 

HPRT as described (Ward et al., 2004)  

 

2.1.16 Quantification of bacterial loads 

Organs (lung and spleen) were collected in PBS on ice. Organs were homogenised 

and rinsed through a 70µm strainer prior to storage at -80°C. Aliquots were 
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defrosted and serial dilutions were plated on blood agar plates. CFUs from blood 

were processed by collection of 100µl blood from the tail vein, which was plated 

directly onto blood agar plates 

 

Blood agar plates were incubated for 17-24 hours at 37°C, 5% CO2 and grey, 

alpha-hemolytic colonies were counted.  

 

When a single lung would be processed for bacterial counts and FACS, the above 

process would be followed. After an aliquot of the single cell suspension was frozen, 

the 70µm strained would be inverted, and any pieces of lung would be rinsed 

through into a tube. Digestive enzymes would be added, and lung processing 

would continue as previously described. 

 

2.1.17 Busulfan chimeras 

8-10 week old mice were treated with 10mg/mg Busilvex (Pierre Fabre) 

intraperitoneally for 2 consecutive days with a 24 hour interval. 24 hours after the 

final dose, 1-2 x 106 donor bone marrow cells were delivered intravenously into the 

tail vein in 100µl PBS. Donor bone marrow was processed by collecting and 

cleaning the femur and tibia of both legs from donor mice, and crushing in RPMI-

1640 (BioWhittaker) using a mortar and pestle. Cells were washed through a 70µm 

strainer, a short red blood cell lysis with 0.83% ammonium chloride. B-cells, T-cells, 

NK-cells and neutrophils were depleted by incubating cells at a concentration of 1 x 

107 cells in 70µl of MACS buffer and FC-block prior to incubation with biotinylated 

α-CD3, α-CD19, α-NK1.1, α-Ly6G (eBioscience). Cells were subsequently 

incubated with Streptavadin microbeads (Miltenyi Biotech) and separated using an 

LS-column (Miltenyi Biotech) on the magenetic field of a MACS Separator (Miltenyi 

Biotech). The negative fraction was collected, counted, and injected. Mice were 

reconstituted for a minimum of 40 days.  
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2.1.18 Irradiation chimeras 

8-10 week old mice were irradiated twice with 500 Gys with a 16 hour interval. 

Following the final irradiation, donor bone marrow cells were processed as above 

and injected delivered intravenously into the tail vein in 100µl PBS. Irradiated mice 

were kept on antibiotic (Baytril, Bayer) supplemented drinking water for 4 weeks 

following irradiation.  

 

2.1.19 Preparing samples for RNA seq 

Following reconstitution and infection of Busulfan CCR2KO chimeras (as above), 

alveolar macrophages were isolated by α-Siglec F magnetic selection (as above) 

and stimulated with 100ng/ml Pam3CSK4 for 16 hours. RNA was prepared form 

these cells as above. RNA sequencing was carried out on the Illumina HiSeq 4000 

platform and typically generated ~25 million 76bp unstranded single-end reads per 

sample. Adapter trimming was performed with cutadapt (version 1.9.1) (Martin M 

2011) with parameters “``minimum-length-=25  --quality-cutoff=20 –a 

AGATCGGAAGAGC”. The RSEM package (version 1.3.0) (Li and Dewey, 2011) in 

conjunction with the STAR alignment algorithm (version 2.5.2a)(Dobin et al., 2013) 

was used for the mapping and subsequent gene-level counting of the sequenced 

reads with respect to mm10 RefSeq genes downloaded from the UCSC Table 

Browser (Karolchik, 2004) on 11th December 2017. The parameters used were “--

star-output-genome0bam  00forward-prob 0.5”. Differential expression analysis 

was performed with the DeSeq2 package (version 1.12.3) (Love et al., 2014) within 

the R programming environment (version 3.3.1). An adjusted p-value of <=0.01 

was used as the significance threshold for the identification of differentially 

expressed genes.  

 

2.1.20 Histology 

Whole lungs were dissected into 10% neutral buffered formalin (NBF) (Sigma). 

Tissue was fixed for 24 hours in 10% NFB, washed in 70% ethanol, embedded in 

paraffin and sectioned. Each lung specimen was stained with hematoxylin and 

eosin (H&E) (Performed with the assistance of Histology, NIMR). Imaging of slides 
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was performed on a VS120 slide scanner (Olympus) with a VC50 camera, a 

UPLSAPO lens, at a magnification of 20x and a numerical aperture of 0.75. Images 

were analysed using OlyVia Image Viewer 2.6 (Olympus).  

To prepare paraffin sections for immunostaining, an antigen extraction was 

performed as follows. Slides were melted in a dry oven for 60 minutes at 60°C. 

Wax was removed in xylene (x2 10 minutes each), and then slides were 

progressively rehydrated in 100%, 95%, 70% ethanol, before being rinsed in water 

and PBS. Slides were microwaved in 10mM NaCit until bubbles were observed, 

and then cooled and washed twice in PBS. Slides were blocked in 2% BSA + 0.1% 

Triton-X-100 in PBS. Antibodies used for staining were: IgD (Alexa fluor 488, clone 

11-26c.2a (Biolegend)), B220 (Alexa fluor 594, clone RA3-6B2 (Biolegend)), GL7 

(Alexa fluor 647, clone GL7 (BD Biosciences)), CD21/CD35 (phycoerythrin, clone 

7G6 (BD Biosciences)), DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride) 

(Sigma).  Slides were washed in PBS and mounted using Dako Fluorescent 

mounting medium and set overnight. Slides were imaged on an Olympus VS120 

slide scanner (Olympus) 

 

2.1.21 Statistics 

All statistical comparisons were performed using Prism 6 (GraphPad). Figure 

legends denote the specific statistical tests used for each experiment. Statistical 

significance was determined as p<0.05.  
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2.1.22 Antibodies used for flow cytometry 

Table 1: 

Antibody Clone Company 

CD3 17A2 Tonbo/BioLegend 

CD4 RM4-5/GK1.5 BioLegend 

CD8 53-67 BioLegend/eBioscience 

CD19 6D5/1D3 Biolegend/BD Pharmigen 

CD44 IM7 eBioscience 

CD45.1 A20 BioLegend 

CD45.2 104 BioLegend 

CD62L MEL-14 eBioscience 

CD64 X54-5/7.1 BioLegend 

CD69 H1.2F3 BioLegend 

CD80 16-10A1 BioLegend 

CD86 GL1 eBioscience 

CD103 2E7 BioLegend 

CD115 AF598 Tonbo/ BioLegend 

CD200R MCA228/F BioRad 

CD206 C06822 BioLegend 

IL-6 MP5-20F3 BD Pharmigen 

TNFα MP6-XT22 Invitrogen 

CD11b M1/70 BioLegend 

CD11c N418 BioLegend 

Ly6C HK1.4 BioLegend 

Ly6G 1A8 BioLegend 

MHC II M5/114.15.2 BioLegend 

MARCO MCA1849FT BioRad 

MerTK 2B10C42 BioLegend 

NK1.1 PK136 BioLegend 

Siglec H 551 BioLegend 

Siglec F E50-2440 BD Pharmigen 

ZombieAqua  BioLegend 
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NP Pentamer Peptide: ASNENMETM Pro-Immune 

 

2.1.23 Primers used for qPCR 

Table 2: Taqman primers 

Gene Catalogue number 

HPRT mm00446968_m1 

IFNb mm00439552_s1 

Ifi203 mm00492601_m1 

IL-6 mm00446190_m1 

TNFα mm00443258_m1 

CXCL1 mm04207460_m1 

Csf3 Mm00438335_g1 

nfkbiz Mm00600522_m1 

 

 

Table 3: Sybr Green primers 

 

Gene Forward primer Reverse Primer 

HPRT GCCCTTGACTATAATGAGTACTTC

AGG 

 

TTCAACTTGCGCTCATCTTA

GG 

 

Arg1 GGAAAGCCAATGAAGAGCTG GCTTCCAACTGCCAGACTG

T 

 

Ym1 

(Chi3l3) 

CATGAGCAAGACTTGCGTGAC GGTCCAAACTTCCATCCTCC

A 

 

iNOS TGCCCCTTCAATGGTTGGTA 

 

ACTGGAGGGACCAGCCAAA

T 

 

 



Chapter 3. The altered lung at one month post-
influenza 

3.1 Introduction 

Humans experience multiple respiratory infections within every season, year, 

and over the course of their lifetime. In contrast, many laboratory models of 

infection are performed in immunologically naïve mice, free of specific pathogens.  

While useful for dissecting many immunological questions, this does not reflect the 

human scenario, and certainly does not account for the effect of one infection on 

another (Reese et al., 2016, Beura et al., 2016). 

Two recent studies have addressed the disparity of immune status between 

humans and laboratory mice. These studies compared immune parameters of 

naïve mice, with mice sequentially infected with a range of human pathogens, or 

mice obtained from pet shops. A comparison of the gene expression profile, 

immune cell maturation and responses to vaccination in these mice demonstrated 

that mice with a diverse infection history have a gene expression profile which is 

significantly more comparable to that of adult human blood (Reese et al., 2016, 

Beura et al., 2016). In contrast, naïve mice are enriched for a naïve lymphocyte 

signature, comparable to human cord blood (Reese et al., 2016). An increased 

number of differentiated T-cells was seen in pathogen-exposed mice, 

demonstrating a “maturation” of the immune system absent in naïve animals 

(Beura et al., 2016).  

This work has highlighted the education of the immune system by persistent 

microbial exposure. Additionally, sequential infections can prime adaptive immune 

cells for altered responses (Reese et al., 2016). These models are relevant for 

human disease, and correspondingly, many other studies have made effort to 

understand the effect of infection history on the outcome of subsequent challenges. 

Cross-protection to antigenically distinct pathogens has frequently been attributed 

to innate immune cells, such as macrophages and dendritic cells, across a range of 

chronic and acute infections (Machiels et al., 2017, Didierlaurent et al., 2008, Beyer 

et al., 2004, Dahl et al., 2004, Williams et al., 2004). The nature and timing of 

infections are important in these scenarios; mice experience less severe allergic 
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asthma up to two months post-gammaherpesvirus infection, yet more susceptible 

to allergic asthma at one month post-influenza (Machiels et al., 2017, Dahl et al., 

2004). A prior influenza infection can protect mice against RSV (Walzl et al., 2000), 

yet a number of studies have described increased susceptibility to bacterial 

infection following clearance and resolution of a viral infection. Mice infected with 

either Mycobacterium tuberculosis or Streptococcus pneumoniae at 4-8 weeks 

post-influenza infection showed increased lung bacterial loads compared to their 

naïve counterparts, resulting in significant mortality (Redford et al., 2014, 

Didierlaurent et al., 2008). However, this is dependent on the precise interval 

between infections, and strain of S. pneumoniae (Sharma-Chawla et al., 2016).  

Therefore, while there are clear effects of preceding exposure to pathogens, 

further work needs to be done to elucidate specific mechanisms that impact 

immune responsiveness to subsequent infections. 

 

It is apparent that the study of infections in an immunologically naïve, barrier 

raised mouse is not the equivalent of the human situation, in which we are 

constantly challenged with viral, bacterial, fungal and non-pathogenic agents. 

Although it may be unachievable to recapitulate the unique and diverse infection 

history of individual humans, the basic principles surrounding lung education post-

infection warrant further investigation.  
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3.2 Aims:  

 

The aims of this project were to investigate long-term changes in lung immunity 

induced by influenza infection.  

 

Firstly, a model of bacterial challenge following influenza clearance and resolution 

was established. This allowed us to investigate whether mice had altered 

susceptibility to an antigenically distinct pathogen following influenza infection.  

Secondly, to detect if stable changes are induced in the lung environment as a 

result of influenza infection, a global analysis of cells and gene expression post-

influenza was conducted.  
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3.3 Results: 

Female mice are more protected against Streptococcus pneumoniae infection one 

month post-influenza  

To investigate changes in the lung following clearance and resolution of a 

viral infection, a model of influenza was optimised in which C57BL/6 mice 

experienced moderate disease without mortality. PR8 (A/Puerto Rico/8/1934 - 

H1N1) is a strain of influenza that is commonly used in laboratory animals to 

reproduce human infection (Bouvier and Lowen, 2010). However, PR8 induces 

severe disease and mice frequently succumb to the infection. Reassortment of the 

internal genes of PR8 with the hemagglutinin and neuraminidase RNA segments of 

H3N2 (A/Hong Kong/1/1968) results in a laboratory strain (X31), that causes a 

milder yet fulminant disease in both male and female C57BL/6 mice (Fig 3C-D).  

The peak of weight loss is 6-8 days post-influenza infection, and weight is 

recovered by day 12-14, when virus is undetectable in lung tissue (Fig 3B). At this 

point, the mouse may be deemed to have “recovered” from influenza infection, 

although the repair from virus-induced damage may continue. Microarray analysis 

of the whole lung during acute influenza infection and recovery has shown 

significant transcriptomic differences at two months post-influenza, compared to a 

naïve mouse (Pommerenke et al., 2012). Although this demonstrates the lung does 

not “reset” to the naïve state, from 18 days post-infection onwards the expression 

profile becomes stable. 

 

The timepoint chosen to analyse mice post influenza was 1 month (28-32 

days). This would allow significant recovery time post-viral clearance. At this time, 

mice were infected with an antigenically distinct respiratory pathogen, 

Streptococcus pneumoniae (Fig 3A).  

  



Chapter 3 Results 

 

81 

 

 
  



Chapter 3 Results 

 

82 

 

The pathogenicity of Streptococcus pneumoniae infection in mice is 

dependent on many factors including; host genetic strain and sex (Gingles et al., 

2001, Kadioglu et al., 2011), route and volume of administration, and S. 

pneumoniae capsular serotype. C57BL/6 mice are a relatively resistant host to a 

common laboratory strain of S. pneumoniae strain (D39 - serotype 2) (Gingles et al., 

2001), and models used in our own lab evidence the low impact of this infection in 

naïve mice (Ellis et al., 2015).   

To be able to assess whether influenza infection resulted in increased 

protection or susceptibility to S. pneumoniae infection, C57BL/6 mice were infected 

with a dose of a more virulent strain (TIGR4 - serotype 4) which resulted in  ~ 65% 

mortality in both naïve male and female mice (Fig 3C-D) when administered at a 

dose of 5 x 105 CFU/30µl intranasally. At one month post-influenza, female mice 

were significantly more protected against S. pneumoniae infection than their naïve 

counterparts (Fig 3C). No protection against S. pneumoniae was afforded to male 

mice following influenza infection (Fig 3D). 

A slight weight loss was observed in both naïve and post-influenza mice 

following S. pneumoniae infection (Fig 3C-D). During influenza infection, mice do 

not display high clinical scores, but exhibit weight loss. However, during bacterial 

infection weight loss is minimal, and mice reach high clinical scores, resulting in 

their endpoint. Some mice displayed clinical symptoms at 24-48 hours post 

bacterial infection beginning with a decrease in movement, piloerection and a 

hunched posture. Mice typically had to be terminated due to high clinical scores at 

48-72 hours (Fig 3C, Fig 3D). Mice that reached clinical endpoint during bacterial 

infection were seen to have high bacterial loads in their lungs (Fig 3E), regardless 

of infection history.  

As protection against S. pneumoniae infection post-influenza was only 

observed in female mice (Fig 3C), but not male mice (Fig 3D), experiments were 

hereafter continued solely in female mice.  
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Influenza infection induces adaptive memory 

To investigate local changes induced by influenza infection, a global 

analysis of cellularity and transcription was conducted by flow cytometry and 

microarray respectively.   

Influenza infection induces a robust adaptive immune response comprised 

of Ag-specific cytotoxic CD8 T-cells and neutralising antibodies produced by B-cells. 

This response is specific to the precise strain of influenza encountered, and can 

therefore provide protection upon re-infection, with some degree of cross protection 

to other influenza strains. 

T-cells were identified  in the whole lung using flow cytometry, and memory 

T-cells were characterised as CD62Llo CD44hi (Fig 4A). No changes in absolute 

numbers of total CD4 or CD8 T-cells are seen in the lung at one month post-

influenza (Fig 4C). Resident memory T-cells were identified by expression of CD69 

on CD4+ T-cells (Teijaro et al., 2011), and CD103 on CD8+ T-cells (Turner et al., 

2014). Both CD4 and CD8 Trm are at very low frequencies in the lungs of naïve 

mice (Fig 4B-C). A slight increase in CD4 Trm is seen post-influenza (Fig 4C), 

however a substantial population of CD8 Trm is induced by influenza infection, and 

remains at one month (Fig 4B-C), evidencing the formation of an adaptive memory 

to influenza infection. An MHC I restricted pentamer presenting a dominant 

influenza epitope, NP, was used to investigate the presence of virus-specific CD8 

T-cells (Duan et al., 2015). A population of NP-pentamer+ CD8 Memory (CD62Llo 

CD44hi) T-cells were identified in the lung at one month post-influenza (Fig 4B-C).  
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Following successful confirmation of influenza infection (Fig 4), expression 

profiling by microarray was performed on whole lung of naïve or post-influenza 

mice (Fig 5). At a cut-off of 2 fold change, and p<0.05 relative to PBS-control mice, 

163 genes were found to be differentially expressed in the lung at day 28 post-

influenza (Fig 5A). Of these 163 genes, 130 (81%) were immunoglobulin-related 

genes. Genes annotated with IgH, IgK or LOC (many of these were examined 

individually and found to be immunoglobulin-related) were separated from the list 

(Fig 5B) and the remaining 33 genes were examined (Fig 5C). Although this list 

was too small to perform pathway analysis (IPA), it was observed that some genes 

could relate to epithelial cell function and airway repair (aqpa3, aqpa4, clca3, plunc, 

krt1-14) (Rock et al., 2009).  

To recover more genes that could be used for pathway analysis, the 

restrictions were relaxed and genes differentially expressed at >1.5 fold change, 

p<0.05 were analysed. This did not drastically increase the number of differentially 

expressed genes, and of the 295 expressed following >1.5 fold change cut-off, 153 

(52%) were immunoglobulin related genes. Of the non-Ig related genes, 

upregulation of further epithelial- and repair- related genes were seen (Muc1, 

Muc4a, Trp63, Areg, slpi). Pathway analysis by IPA revealed the most enriched 

pathway to be “Agranulocyte Adhesion and Diapedisis”, followed by Hepatic 

Fibrosis/Hepatic Stellate cell activation”.  

 

As the predominant signature seen by microarray analysis at one month 

post-influenza was immunoglobulin-related (Fig 5B), B-cell populations in the lung 

were further analysed by flow cytometry (A). Although total B-cell frequencies and 

numbers did not change (Fig 6B), a population of germinal centre B-cells (B220+ 

Fas+ GL7+) that is absent in naïve mice was observed at one month post-influenza. 

Germinal centre B-cells outside of a lymphoid organ can be indicative of the 

formation of tertiary lymphoid tissue. Indeed, inducible bronchus associated 

lymphoid tissue (iBALT) has been shown to form post-influenza infection and 

contribute to a B-cell signature at ~40 days post-influenza (Pommerenke et al., 

2012, GeurtsvanKessel et al., 2009, Moyron-Quiroz et al., 2004). By H&E staining, 

we could identify clusters of cells in a lung at one month post-influenza (Fig 6D – 

marked with arrows), which were not present in a naïve lung (Fig 6C). These 

follicles were located proximal to the airways (Fig 6D) as described for iBALT 
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(Moyron-Quiroz et al., 2004), and were found to contain B-cells, as identified by 

B220+ staining (Fig 6E)(Rangel-Moreno et al., 2006). Stains for IgD, GL7 and 

CD21/CD35 were ineffective in these sections, potentially due to the fact that they 

were paraffin embedded, rather than cryosections. Although no positive staining for 

GL7 (a marker of germinal centre B-cells) could be identified in the lung by 

immunofluorescence, these cells were evident by flow cytometry (Fig 6B). These B-

cell clusters are only found in lungs of mice at one month post-influenza, and are 

likely to be iBALT. This could be confirmed with further staining for dendritic cells 

(CD21/CD11c), CD3 (T-cells), Germinal centre B-cells (GL7+/IgD-). Plasma cells 

are major producers of antibodies, and may account for the increased 

immunoglobulin transcripts. However, few plasma cells, or their plasmablast 

precursors were found in the lung, with no increase post-influenza (Fig 6B).  

Viral infections such as influenza are expected to induce an adaptive 

immune memory, and therefore the formation of iBALT and T-cell memory is 

unsurprising. Although the specificity of this compartment is beneficial upon re-

encounter of the same infection, the protection from challenge with S. pneumoniae, 

an antigenically distinct pathogen, is likely to be independent of the adaptive 

immune memory to influenza.  
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Increased number of alveolar macrophages in the lungs of mice at one month post-
influenza 
 

By lavage of the airways, cells in the luminal space of the lung and therefore 

directly in contact with their environment are obtained. As the volume retrieved 

from lavage can vary, frequencies are shown here (Fig 7B). The majority of these 

cells in the broncho-alveolar lavage (BAL) fluid in a naïve mouse are alveolar 

macrophages (Fig 7C). Other types of immune cells are not present at high 

frequencies (>1%) in the BAL, and their frequency does not change post-influenza 

(Fig 7B). This is true for eosinophils, plasmacytotoid dendritic cells, neutrophils and 

inflammatory (Ly6Chi) monocytes. The frequency of alveolar macrophages appears 

to decrease post-influenza (Fig 7C). Decrease in frequency of these cells implies 

an increase in another population of cells within the “Live, singlets” gate (Fig 7A). 

Indeed more cells (Fig 7A – “Other cells”) are seen in the BAL of mice at one 

month post-influenza but they could not be identified with any of the markers used 

to typically identify myeloid (Ly6G, Ly6C, CD11b, CD11c, Siglec F, Siglec H) or 

lymphoid (CD3, CD19, NK1.1, MHCII) cells. These cells are of similar, or slightly 

smaller size to lymphocytes, and negatively stain for a marker for dead cells 

(Zombie Aqua). Due to their lack of conventional markers, we have not yet 

identified them. These cells may in fact be debris, or dead cells, which cannot be 

excluded based on size, or a live/dead dye. However, their presence in the airways 

at one month post-influenza is responsible for the decreased frequency of alveolar 

macrophages seen. To determine whether this is a representative decrease in total 

macrophages in the airways, cells in the BAL were counted (using trypan blue 

exclusion). When absolute numbers of alveolar macrophages were quantified in the 

BAL, no difference was evident between naïve and post-influenza mice (Fig 7D).   

 

Absolute numbers of cells in the whole lung did not increase post-influenza 

(2 x 107) compared to a naïve lung (2 x 107). It was observed following analysis of 

myeloid cells by flow cytometry (gating strategy: Appendix 1) that there were no 

significant changes in the numbers of neutrophils, inflammatory (Ly6Chi) monocytes, 

eosinophils or dendritic cells (Fig 8A). Although a trend for increased numbers of 

CD11b+ dendritic cells was seen in post-influenza mice, which was more prominent 

in some experiments than others, this did not equate to significance. CD11b+ DCs 
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have been reported to increase post-influenza, as they are associated with and 

maintain iBALT (GeurtsvanKessel et al., 2009). Monocyte-derived DCs are a 

subset of CD11b+ dendritic cells derived from monocyte progenitors (rather than 

the classical differentiation by CDP/pre-DCs) and are distinguished by expression 

of CD64 (Plantinga et al., 2013). Increased numbers of monocyte-derived dendritic 

cells are seen in the lungs of post-influenza mice (Fig 8A). It has not been 

determined whether the monocyte derived dendritic cells are important for iBALT, 

although this structure is unaffected in the absence of monocytes (Rangel-Moreno 

et al., 2011).  

NK cells are observed to decrease in their frequency in a post-influenza lung 

(7% of live cells) compared to a naïve lung (9% of live cells), although this did not 

translate to a significant difference in their absolute numbers (Fig 8B).  

A striking increase in the frequency and absolute number of alveolar macrophages 

was seen in the lung at one month post-influenza (Fig 8C). The number of alveolar 

macrophages identified in a naïve lung (2.1 x 106) was seen to almost double in a 

post-influenza lung (3.65 x 106).  

 

Pulmonary macrophages consist of two populations with distinct locations 

and functions; alveolar and interstitial macrophages (Crowell et al., 1992). Despite 

the recognition of two distinct populations for many years (Lehnert et al., 1985, 

Franke-Ullmann et al., 1996) many studies have used promiscuous markers for 

flow cytometry; such as CD11b, F4/80 and CD11c, and therefore been unable to 

reliably discriminate macrophages, monocytes and dendritic cells to assess 

numbers and function (Janssen et al., 2011, Landsman and Jung, 2007). A recent 

study by the ImmGen consortium identified MerTK and CD64 as “core” markers for 

macrophages in all tissues of the body (Gautier et al., 2012a). Within the MerTK+ 

CD64+ population in the lung, alveolar macrophages can be distinguished from 

interstitial macrophages by the high expression of Siglec F (Fig 9A).  

To confirm that the standard gating protocol (Appendix 1) was suitable for 

identifying alveolar macrophages (gated as standard Siglec F+ CD11c+), and did 

not suffer from contamination of interstitial macrophages, dendritic cells or 

monocytes without the use of MerTK and CD64, the two gating strategies were 

compared (Fig 9). The majority (~98%) of MerTK+ CD64+ cells in the lung were 

alveolar macrophages, as determined by expression of Siglec F (Fig 9A).  
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By use of CD64, MerTK, Siglec F and CD11b to define alveolar and 

interstitial macrophages by flow cytometry, it was observed that both populations 

significantly increased in frequency (Fig 9C) and absolute number (Fig 9D) post-

influenza. However, CD11b+ DCs can contaminate the MerTK+ CD64+ Siglec F- 

gate in the lung (Gautier et al., 2012a). Proper distinction of interstitial 

macrophages from dendritic cells requires the use of CD24 (Gautier et al., 2012a, 

Misharin et al., 2013). Although interstitial macrophage numbers increase post-

influenza, this is small compared to that of alveolar macrophages, and as CD24 

was not included in this stain, the interstitial macrophage gate may also contain 

dendritic cells. 

Furthermore, lung digestion protocols differ significantly between groups. 

The frequency of populations retrieved and identified depends on the extent of 

mechanical and enzymatic digestion as well as the method for removal of red blood 

cells. The isolation of macrophage and dendritic cell populations integrated within 

the epithelium and interstitium are particularly susceptible to inter-lab variations. 

Within the MerTK+ CD64+ gate, a ratio of 90% alveolar macrophages:10% 

interstitial macrophages is seen by some groups (Andrew McDonald, personal 

communication), yet we only observe a frequency of 2% of interstitial macrophages.  

Comparison of alveolar macrophages identified with the more stringent 

MerTK+ CD64+ Siglec F+ yields identical frequencies to alveolar macrophages 

identified using Siglec F+ CD11c+ as is used in our standard gating, both in naïve 

and post-influenza mice (Fig 9E).  This demonstrates that even the minimal use of 

Siglec F+ CD11c+ gating reliably identifies alveolar macrophages, uncontaminated 

by other populations. Therefore this gating strategy has been used for all further 

identification of alveolar macrophages by flow cytometry.  

Although we cannot exclude the importance of interstitial macrophages in 

this model, we can confirm that we are investigating a phenotype in an 

uncontaminated population of alveolar macrophages.   
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The activation profile of post-influenza macrophages 

The expression of surface markers relating to macrophage phenotype was 

quantified by flow cytometry (Fig 10A and 10C). To account for the high auto-

fluorescence of alveolar macrophages, an unstained sample was also acquired. 

The unstained samples contained markers to discriminate alveolar macrophages 

(Siglec F+ CD11c+/ LiveDead). The gMFI (geometric mean fluorescence intensity) 

of other fluorophores in the unstained sample could then be subtracted from the 

gMFI of the fluorophore of the stain. By subtracting the fluorescence of an 

unstained sample, any changes in auto-fluorescence between samples, or groups, 

were accounted for, and we termed this value the “Net fluorescence”.  

Flow cytometry was used to analyse surface markers on naïve, and post-

influenza alveolar macrophages (Fig 10). To investigate changes in gene 

expression, alveolar macrophages were isolated from the whole lung of naïve and 

post-influenza mice by a positive magnetic-bead based separation using α-Siglec F. 

Following a 2hr adherence to tissue culture plates, other contaminating Siglec F+ 

cells (eosinophils) were washed from the plate to give a ~85-95% pure population 

of alveolar macrophages.  

Macrophages can be polarised into many functional phenotypes (Martinez 

and Gordon, 2014, Murray et al., 2014, Xue et al., 2014), but a broadly “alternative” 

activation of these cells is associated with an increase in genes such as Ym1, Arg1 

and expression of CD206 (Mannose receptor)(Loke et al., 2002). Analysis of 

influenza-experienced macrophages demonstrated an increased expression of 

CD206 (Fig 10A) and Arg1 (Fig 10B) by flow cytometry and qPCR respectively. 

However, no change in the induction of Ym1 was seen in post-influenza 

macrophages (Fig 10B). Arg1 and iNOS (inducible nitric oxide synthesis) are 

reciprocally regulated in L-arginine metabolism. Very low levels of iNOS were seen 

in naïve macrophages, and this was not significantly upregulated post-influenza 

(Fig 10B).   
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Additional surface markers were analysed to further characterise the 

phenotype of alveolar macrophages post-influenza. High basal expression of 

CD200R is seen on naïve alveolar macrophages, but further increased at one 

month post-influenza (Fig 10C). Markers associated with APC maturation, such 

CD86 and MHCII were also seen to increase in post-influenza macrophages. 

However, other maturation markers such as CD80 did not increase, and the low 

expression of CD86 on naïve macrophages only minimally increased post-influenza 

(Fig 10C).  

Alveolar macrophages are described to be relatively poor in their ability to 

present antigen. In addition to its role in antigen presentation, MHCII expression 

has also been identified at higher levels on macrophages with a monocytic origin in 

the heart, skin and gut (Molawi et al., 2014, Tamoutounour et al., 2013, Bain et al., 

2014). Additionally, CD64 is used to distinguish macrophages and dendritic cells 

with a monocyte origin in the lung, muscle and skin (Plantinga et al., 2013, Langlet 

et al., 2012, Tamoutounour et al., 2013). Inflammatory (Ly6Chi) monocytes can be 

characterised based on their high expression of CD11b. Alveolar macrophages 

post-influenza display increased CD11b (Fig 10C), although this is still 

comparatively low compared to inflammatory (Ly6Chi) monocytes. Therefore, the 

increased expression of CD64, MHCII and CD11b on post influenza macrophages 

suggest that monocytes may contribute to the increased alveolar macrophage 

population seen post-influenza.  

To assess the similarities of influenza macrophages to naïve macrophages 

in terms of size and morphology, these cells were analysed by Imagestream. 

Alveolar macrophages and inflammatory (Ly6Chi) monocytes were gated based on 

fluorescent markers as described (Appendix 1), and images of these cells were 

captured (Fig 10D, 10E). Alveolar macrophages were observed to be heavily 

granular, with a high intensity in the side-scatter channel. In contrast, inflammatory 

(Ly6Chi) monocytes were much smaller and less granular, with a lower intensity 

seen in side scatter (Fig 10D). To formally compare morphological characteristics, 

single-cell data was exported for all default image features. Features related to 

fluorescence intensity were removed, leaving only features related to size, shape, 

texture and position for each channel used. Samples were grouped as per their 

sample type (i.e. PBS vs Influenza) and cell type (macrophages vs. monocytes). A 

partial least squares discriminant analysis (PLS -DA) model was built using scaled 
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and centred image features as predictor variables, such as area and width. PLS-

DA combines predictor variables into variables which best discriminate between 

groups, and is particularly suited to situations where the number of features far 

outweighs the sample size, and where features are highly correlated with each 

other (such a situation is present in the ImageStream dataset)(Lee et al., 2018, 

Wold et al., 1984). By plotting the PLS-DA component value for each cell, it can be 

seen that monocyte and macrophage populations cluster separately, while the 

model cannot discriminate cells from naïve, or post-influenza lungs (Fig 10F).  

Taken together, these results show that at one month post-influenza, 

alveolar macrophages exhibit altered surface expression of molecules, which may 

indicate a monocyte origin. However, as these cells express high levels of 

characteristic macrophage markers (CD64, Siglec F and CD11c), and have an 

identical morphology to naïve macrophages, they may be classified as bona-fide 

alveolar macrophages. An increased expression of some markers associated with 

alternative activation, or even potentially a monocyte origin may indicate an altered 

function, or altered responsiveness of these cells post-influenza. 
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3.4 Conclusions and discussion 

Influenza A is a frequent pathogen of the human respiratory tract. Acute 

infection leads to high susceptibility to bacterial superinfection (Cillóniz et al., 2012, 

Morens et al., 2008, Klugman et al., 2009, McCullers, 2014, Metzger and Sun, 

2013), which has been seen to persist in some scenarios following viral clearance 

(Redford et al., 2014, Didierlaurent et al., 2008, Chen et al., 2012, Van Der Sluijs et 

al., 2004). Therefore, we aimed to investigate the altered responsiveness, and 

responsible mechanisms in a mouse model of Streptococcus pneumoniae infection 

following clearance and resolution of influenza infection.  

As a result of significant optimisation of the bacterial serotype, growth 

method, volume of inoculation (not shown), and sex of the host, we have 

established a robust and consistent model of Streptococcus pneumoniae infection 

one month post-influenza (Fig 3). This model was highly reproducible across 

institutes, animal facilities, repassage of viral and bacterial stocks. Even the lack of 

segmented filamentous bacteria (SFB) had no effect on the protection against S. 

pneumoniae following influenza infection, despite the importance of commensals in 

the immune response and induction of adaptive memory to influenza (Abt et al., 

2012, Ichinohe et al., 2011). Survival was confirmed following each of these 

variations on the model, resulting in high n number in Figure 3. However, 

significance between naïve and influenza-experienced mice can be achieved in 

single experiments, and did not require pooling of high mouse numbers.  

Previous reports have described an increased susceptibility to bacterial 

infection up to 6 weeks post-influenza infection (Didierlaurent et al., 2008, Redford 

et al., 2014, Van Der Sluijs et al., 2004, Chen et al., 2012). However, another study 

has described no prolonged effects on the outcome of S. pneumoniae infection 

following influenza (Sharma-Chawla et al., 2016). The study by Sharma-chawla 

and colleagues examined the susceptibility of mice to invasive and non-invasive 

strains of S. pneumoniae at increasing intervals following influenza infection. 

Despite a high susceptibility of mice to all strains of S. pneumoniae during the 

acute influenza infection, this did not persist past a period of 14 days (Sharma-

Chawla et al., 2016).  At 14 days post-influenza infection, mice have regained their 

initial weights, and virus is undetectable in the lung. However, it is possible that the 

lung is still recovering from virus-induced damage. Lung damage resulting from 
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influenza induced immunopathology facilitates bacterial colonisation and outgrowth 

(Ellis et al., 2015). Therefore we consider this time point too early to assess stable 

changes in the lung induced by influenza. This is supported by expression profiling 

of whole lung during the course of influenza infection, which shows minimal 

changes in gene expression only from 18 – 60 days post-influenza (Pommerenke 

et al., 2012).   

For this study, we selected a strain (TIGR4) and dose (5 x 105 CFU/30ul) of 

S. pneumoniae which caused ~65% mortality in both naïve male and female mice. 

Inducing a moderate mortality in response to pneumococcal infection in naïve mice 

was important, as it provided a window for improved protection or susceptibility in 

flu-experienced mice. At higher doses, all mice would succumb to bacterial 

infection, irrespective of infection history. Conversely, at lower doses, mortality in 

naïve mice would be very low and no phenotype was visible.   

We observed that female mice that had previously experienced influenza 

infection were significantly more protected against S. pneumoniae infection than 

naïve mice (Fig 3B). However, regardless of prior influenza infection, no change 

was seen in the mortality of male mice to S. pneumoniae (Fig 3C).  Sexual 

dimorphism has been established to play a role in both the severity and 

susceptibility of mice and humans to a number of acute infections, as well as 

autoimmune diseases (reviewed in (Marriott et al., 2006, Olsen and Kovacs, 1996). 

Compared to males, female mice demonstrate exacerbated inflammation in 

response to influenza infection, despite an equivalent viral burden (Robinson et al., 

2011). This results in increased immunopathology and mortality, which can be 

reduced by exogenous administration of the sex hormone estradiol (Robinson et al., 

2011). Previous work has described a higher mortality of males in response to a 

bacterial infection such as S. pneumoniae, during both sepsis and pneumonia 

(Kadioglu et al., 2011), accompanied by a more potent immune response.  

In our infections, males were seen to lose significantly less weight than 

females during the peak of influenza, which could indicate reduced 

immunopathology. This difference in the primary infection may be responsible for 

the altered protection to S. pneumoniae post-influenza infection, although this 

would need to be confirmed once the mechanism is elucidated.  

We have observed that both naïve males and females are equally 

susceptible to S. pneumoniae (Fig 3C, D). However, there may be a confounding 
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variable in this infection. Male mice, both naïve and flu-infected, require separation 

as a result of fighting during the course of the experiment. This may have effects on 

the hormone levels and immune system of the mouse, but ultimately following 

separation mice occupy cages in smaller numbers. Behavioural responses to 

infection, such as huddling together to conserve body temperature will be absent in 

singly-housed mice, and may therefore affect the severity of disease. The necessity 

to separate male, but not female mice, could therefore confound the differences in 

mortality.  

Although it would be interesting to compare the immune responses post-

influenza in males and females, the complications of housing male mice long-term 

to study this model combined with their lack of phenotype, have resulted in our 

subsequent focus on female mice alone. However, once a mechanism of protection 

is established, this could be compared in male vs female mice.  

Evidence of adaptive immune memory to influenza was seen at one month 

post-infection. Adaptive immunity is comprised of antigen-specific T-cells and 

neutralising antibody production by class-switched B-cells. These components 

represent memory to a unique pathogen that, either separately or together, serve to 

mount a more rapid response upon reencounter.  

Increased numbers of CD4 but especially CD8 resident memory T-cells 

were seen by flow cytometry at one month post-influenza. We also observed a 

small population of virus-specific CD8 T-cells (Fig 4B-C). Antigen-specific memory 

T-cells persist in the lung for extended periods following infection (Hogan et al., 

2001), and provide rapid, heterologous responses to influenza virus. 

Heterosubtypic immunity has proved protective in mice challenged with vaccinia 

virus following LCMV infection, but exacerbated MCMV or LCMV infection post-

influenza (Chen et al., 2001, Chen et al., 2003). Currently, viral-specific T-cells 

have not shown to be activated by pathogens other than viruses, and so their role 

in protection against the antigenically distinct S. pneumoniae will be minor. 

However, this could be investigated following T-cell depletion prior to the S. 

pneumoniae challenge.   

Microarray analysis of the whole lung at one month post influenza was 

dominated by an immunoglobulin signature (Fig 5). Antibody production is another 

hallmark of adaptive immunity and correlates strongly with protection from viral 

disease (Plotkin, 2008). Neutralising antibodies to influenza prevent viral fusion and 



Chapter 3 Results 

 

102 

 

entry into cells by directly binding the hemagglutinin, and are therefore specific to 

the surface glycoproteins. Antibodies may additionally effect protection via “non-

neutralising” functions, including complement-mediated lysis, phagocytosis and Ab-

dependent cellular cytotoxicity (ADCC) (Vanderven et al., 2017), mediated by the 

FC region of the immunoglobulin.  Various components of the complement have 

been shown to be important in protection against S. pneumoniae (Brown et al., 

2002, Mold et al., 2002), contributing to the ability of the bacterium to be 

opsonophagocytosed (Melin et al., 2009, Hyams et al., 2010). Although we have 

not directly investigated a humoral contribution to the protection against S. 

pneumoniae, mice could be passively immunised by transfer of sera from an 

influenza-infected mouse prior to bacterial infection. 

A high immunoglobulin expression profile was seen in the lungs of post-

influenza mice (Fig 5B). This is concurrent with another report, which described 

increased gene expression from clusters annotated “B cell activation/response to 

estradiol stimulus/positive regulation of B cell proliferation” from day 14-60 post-

influenza (Pommerenke et al., 2012). Increased immunoglobulin expression may 

indicate the presence of plasma cells, or the lymphoid tissue that support their 

production. Although there was no change in the number of plasma cells or plasma 

blasts in the lung following influenza, a population of germinal centre B-cells in 

post-influenza lungs may be associated with the formation of a tertiary lymphoid 

structure. Indeed, many studies have observed the formation of iBALT in the lung 

following inflammation, and more specifically influenza infection (Pommerenke et 

al., 2012, Moyron-Quiroz et al., 2004, GeurtsvanKessel et al., 2009). iBALT acts as 

a conventional lymphoid organ, supporting the recruitment and activation of T and 

B cells. The presence of iBALT has improved the protection against a number of 

viral challenges (Foo et al., 2015, Wiley et al., 2009), and has also shown to be 

protective against certain bacteria including Francisella tulerensis and Coxiella 

burnetti (Chiavolini et al., 2010, Wiley et al., 2009), its role in the outcome of S. 

pneumoniae has not been explored.  

Although microarray can be a useful tool for establishing an unbiased 

picture of gene expression, it may not be sensitive enough to detect subtle changes 

that are seen with other methods, such as flow cytometry. Distinct changes in the 

number and surface expression profile of various immune cells were observed by 

flow cytometry in the post-influenza lung. Small but significant differences in the 



Chapter 3 Results 

 

103 

 

expression of a gene by a proportionally small number of cells may be diluted by 

more abundant cell populations. Therefore it will be important to separate cells of 

interest to perform expression profiling on them.  

One of the most striking changes seen in the lung at one month post-

influenza was the increase in alveolar macrophages. Alveolar macrophages are 

lung resident immune cells, pivotal in maintaining the balance between 

homeostasis and inflammation. In this role they phagocytose foreign material, 

including bacteria, without the initiation of an immune response (Dockrell et al., 

2003). Should the amount of bacteria overwhelm the capacity of the macrophage to 

clear the infection via phagocytosis, they are important in producing cytokines and 

chemokines to recruit neutrophils to clear the infection (Knapp et al., 2003, Dockrell 

et al., 2003).  

The phenotype of alveolar macrophages is a reflection of their environment, 

as local signals contribute to their tolerance, and cytokines in the local milieu are 

capable of polarising macrophage function (Martinez and Gordon, 2014, Murray et 

al., 2014, Xue et al., 2014, Lavin et al., 2014, Fujimori et al., 2015). Alveolar 

macrophages have been shown to exhibit sustained differences in the lung induced 

by viral infection (Didierlaurent et al., 2008, Machiels et al., 2017). In response to 

lung damage, macrophages exhibit higher tolerance, by virtue of increased 

CD200R expression and IL-10 production, resulting in altered lung responsiveness 

for up to two months post inflammation.   

To further dissect the phenotype of alveolar macrophages at one month 

post-influenza, profiling of their surface expression markers was performed by flow 

cytometry (Fig 10). The paradigm of M1/M2 to describe macrophage polarisation is 

no longer commonly used nomenclature due to the spectrum of heterogeneity of 

macrophage activation (Martinez and Gordon, 2014, Murray et al., 2014, Xue et al., 

2014, Nahrendorf and Swirski, 2016). However, certain identifying features of the 

“M1/M2” classification are descriptive of macrophage function. Although increased 

expression of the mannose receptor (Fig 10A) and Arginase 1 (Fig 10B) may not 

define macrophages post-influenza as “alternatively activated”, there may be some 

functional implications of their increased expression. For instance, cytokines 

abundant during parasite infection such as IL-4 and IL-13 induce the mannose 

receptor (CD206) on macrophages (Stein et al., 1992), which recognises and binds 

mannose residues on a range of pathogens and aids clearance (Taylor et al., 2005). 
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The metabolism of L-arginine has previously been used as a determinant of M1 vs 

M2 activation of macrophages. The products of L-arginine metabolism by either 

inducible nitric oxide synthase (iNOS) or arginine (Arg1) are associated with 

inflammation or tissue regeneration and repair respectively. As the expression of 

iNOS is induced by a classical “type 1” response (IFNγ) compared to the 

expression of arginase induced by a “type 2” response (IL-4, IL-10, IL-13), the 

reciprocal expression of these genes has contributed to the M1/M2 macrophage 

definition. Although post-influenza macrophages express increased CD206 and 

Arg1, no change in Ym1 is seen. It may be premature to define post-influenza 

macrophages as “alternatively activated”. A more thorough functional classification 

of these macrophages is required.  

Another notable increase in surface expression in post-influenza 

macrophages was that of CD200R. Interaction with its ligand CD200 results in 

suppression of immune responses (Wright et al., 2000, Hoek et al., 2000, 

Snelgrove et al., 2008). Alveolar macrophages express high basal levels of 

CD200R, likely due to their constant exposure to potential antigens and 

requirement to maintain lung homeostasis (Snelgrove et al., 2008). Therefore 

increased expression may reflect the repressive phenotype imposed on alveolar 

macrophages by their local environment to prevent aberrant activation following 

tissue damage and repair.  

Interestingly, post-influenza macrophages demonstrated increased 

expression of molecules associated with monocyte origin. These included CD11b, 

CD64 and MHCII. Naïve macrophages are negative for CD11b, and although post-

influenza macrophages show higher expression, this is still >10fold less than a 

CD11b positive inflammatory (Ly6Chi) monocyte. Although CD64 is used as a core 

macrophage marker (Gautier et al., 2012a), it is also used to discriminate dendritic 

cells derived from a monocytic, rather than common dendritic progenitor (CDP) 

origin in lung and muscle (Langlet et al., 2012, Plantinga et al., 2013) and 

macrophages in the skin (Tamoutounour et al., 2013). MHCII has also been used 

to classify macrophages derived from monocyte, rather than embryonic origin in the 

skin, heart and peritoneum (Molawi et al., 2014, Tamoutounour et al., 2013, Bain et 

al., 2014). 

Therefore, the increased expression of these markers could signify a 

contribution of monocyte-derived cells to the increased population of alveolar 
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macrophages post-influenza. Whether the mere increase in macrophages, or an 

inherent functional difference induced by influenza infection or origin has a role in 

protection against Streptococcus pneumoniae infection will be further investigated. 
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Chapter 4. Altered macrophage responsiveness 
underlies increased bacterial protection 

4.1 Introduction 

As lung resident immune cells, alveolar macrophages comprise the first line 

of defence against pathogens. Particularly in pneumococcal infection, alveolar 

macrophages exert a pivotal role in bacterial clearance, through a number of 

effector mechanisms (Green and Kass, 1964, Dockrell et al., 2003, Ghoneim et al., 

2013). Studies have highlighted the diverse response of the alveolar macrophage 

to S. pneumoniae dependent on the strain, dose and delivery method of bacteria, 

and host genotype (Dockrell et al., 2003, Knapp et al., 2003). At a low bacterial 

dose, alveolar macrophages are capable of independently clearing the bacteria 

through phagocytosis. At higher doses, the phagocytic capacity of macrophages is 

overwhelmed, and macrophages recruit an influx of neutrophils to aid bacterial 

clearance (Dockrell et al., 2003). Macrophages are then required for the removal of 

apoptotic neutrophils, to prevent ongoing inflammation (Knapp et al., 2003).   

Alveolar macrophages can also contribute to host defence by production of 

anti-microbial compounds (Rogan et al., 2006, Lee et al., 2004), and along with the 

epithelium, cytokines and chemokines that can recruit other immune cells such as 

neutrophils (Marriott et al., 2012). Therefore, macrophages are equipped with an 

assortment of mechanisms by which to fight S. pneumoniae infection, and the 

increase of alveolar macrophages post-influenza may be significant in the bacterial 

protection seen in these mice.  

Influenza infection has been described to impair the anti-bacterial functions of 

alveolar macrophages, and these cells have been repeatedly implicated in the 

susceptibility of mice to bacterial superinfection following influenza (Didierlaurent et 

al., 2008, Chen et al., 2012, Sun and Metzger, 2008).  IFNγ produced during acute 

influenza infection downregulates the expression of the bacterial scavenger 

receptor MARCO on alveolar macrophages, and impairs the ability of these cells to 

phagocytose S. pneumoniae, resulting in bacterial outgrowth (Sun and Metzger, 

2008). Alveolar macrophages isolated from lungs at 6 weeks post-influenza 

produced less CXCL1, CXCL2 and TNFa in response to a TLR5 agonist, resulting 
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in reduced neutrophil recruitment, and increased mortality to bacterial infections 

(Didierlaurent et al 2008).  

As alveolar macrophages are long-lived and capable of self-renewal (Soucie 

et al., 2016, Murphy et al., 2008), influenza may induce an immunological “scar”, or 

“memory” which may influence their subsequent behaviour. Equally, any persistent 

changes to epithelial cells may influence macrophage phenotype, as signals from 

the microenvironment contribute to macrophage tolerance (Westphalen et al., 2014, 

Bourdonnay et al., 2015, Fujimori et al., 2015).  

Therefore, the importance of alveolar macrophage contribution in bacterial 

infection is clear, but the precise role will depend on the nature of the infection. 

 

 

 

 

 

4.2 Aims: 

  

To investigate whether post-influenza macrophages were responsible for protection 

against S. pneumoniae infection, and to identify the mechanism for increased 

protection 
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4.3 Results 

Flu experienced macrophages confer protection against Streptococcus 

pneumoniae to a naïve mouse 

An increase in alveolar macrophages was seen at one month post-influenza 

(Fig 8C). To investigate whether this population was responsible for increased 

protection, three possibilities would have to be addressed. Firstly, whether 

protection was a result of total increase in macrophage number, regardless of 

infection history. Secondly, whether influenza infection induced a functional change 

in the response of alveolar macrophages to S. pneumoniae, which confers a 

beneficial outcome to disease. Third, that alveolar macrophages do not contribute 

to increased protection post influenza.  

To dissect whether influenza-experienced macrophages contributed to 

protection against S. pneumoniae infection, a model of adoptive transfer was 

established (Fig 11A). Alveolar macrophages from naïve, or post-influenza mice 

were isolated by magnetic bead separation from whole lung as previously 

described (Materials and methods). To exclude the possibility that flu-experienced 

macrophages would inhabit the niche of a naïve lung better than PBS-

macrophages, or vice versa, pilot experiments involved the transfer of 

macrophages marked with a congenic marker (CD45.2) into a CD45.1 naive host.  

At 24 hours post- transfer, mice were infected with S. pneumoniae. Analysis of the 

lung by flow cytometry at 24 hours post-S. pneumoniae (48 hours post-transfer of 

6-8 x 105 mphs) revealed a population of approximately 10,000 transferred 

macrophages, confirming a successful adoptive transfer of these cells (Fig 11B). 

Recipient mice were not depleted of their macrophages prior to transfer. Current 

methods do not specifically target alveolar macrophages (i.e. CD11cDTR, 

clodronate liposomes), and can induce inflammation, or changes in the local 

environment (i.e. clodronate liposomes, csf2r-/- mice). Therefore, donor 

macrophages were introduced into an already “full” niche.  

As we ascertained an absolute number of 2.1 x 106 alveolar macrophages in 

a naïve lung, and 3.65 x 106 in a flu-experienced lung (Fig 8C), we aimed to 

transfer approximately 1 x 106 alveolar macrophages to each naïve mouse to 

recapitulate the numbers as closely as possible. To obtain this number of naïve 

macrophages for one recipient required ~9 mice as donors. As C57BL/6 mice were 
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more readily available than B6/J/CD45.1 mice in large numbers, the survival 

experiments did not involve congenically marked mice. 

 

Transfer of naïve (PBS) macrophages into a naïve mouse (dotted line – 

white squares) gave a small, but insignificant protection against S. pneumoniae 

infection (13/25 animals survived), relative to mice that had not been transferred 

any cells. However, the transfer of flu-experienced macrophages (dotted line, black 

squares) significantly increased the survival of naïve mice (19/30 animals survived) 

when challenged with S. pneumoniae (Fig 11C) (10/30 animals survived when 

transferred flu mphs).  

These results indicate that in addition to an increased cell number, an 

inherent change to macrophages induced by influenza infection, is responsible for 

increased protection against S. pneumoniae.  

 

Equivalent phagocytosis and ROS production by naïve and post-influenza 

macrophages 

To determine how post-influenza macrophages were providing protection, 

classical microbicidal functions of alveolar macrophages were investigated. 

Phagocytosis was measured by use of an in vitro flow cytometry assay, as 

previously published (Vander Top et al., 2006). Briefly, live S. pneumoniae were 

labelled with CFSE before being incubated with alveolar macrophages. Trypan blue 

was added to quench the signal from bound, but not internalised bacteria, 

immediately prior to acquiring cells. Following subtraction of the background, no 

difference in the internalisation of CFSE labelled S. pneumoniae from naïve and 

flu-experienced macrophages was seen in two separate experiments (Fig 12A).  

ROS-production can be directly microbicidal, or alter the cytokine response from 

neutrophils (Warnatsch et al., 2017). A luminol assay was used to detect 

intracellular and extracellular ROS (Fig 12B). Both naïve and post-influenza 

macrophages produced a burst of ROS following incubation with heat-killed S. 

pneumoniae, but there was no difference between the groups.  

Therefore, two classical microbicidal mechanisms were not affected by 

influenza infection in macrophages.  
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Macrophages from the airways of post-influenza mice produce increased IL-6, but 

equivalent TNFα 

To investigate their responsiveness to bacterial ligands, macrophages were 

isolated from whole lung and the broncho-alveolar lavage (BAL), and stimulated 

with TLR agonists (Fig 13). Macrophages taken from the BAL (Fig 13A) and lung 

(Fig 13B) produced robust amounts of the pro-inflammatory cytokines TNFα and IL-

6 in response to both a TLR2 agonist (Pam3CSK4) and a TLR4 agonist (LPS), 

representative stimuli of a gram positive, and gram negative bacterium respectively.  

A significantly higher production of IL-6 was observed in influenza-experienced 

macrophages compared to naïve macrophages following Pam3CSK4 (12 fold) and 

LPS (13 fold) stimulation. This was most evident in macrophages isolated from the 

lung (Fig 13B), although the same pattern was also observed in macrophages 

taken from BAL (Fig 13A). Despite the increased production of IL-6 by flu-

experienced macrophages, equivalent production of TNFα by both naïve and post-

influenza macrophages was seen.  

Each point shown is representative of an individual mouse (Fig 13, Fig 15). 

High reproducibility was seen between mice, and across experiments. Subsequent 

experiments exploited this reproducibility and pooled mice to obtain higher 

macrophage numbers.  

To ensure that this phenotype was a qualitative change in cytokine profile 

and not a difference due to dose-dependent effects, a titration of Pam3CSK4 was 

performed. Decreasing doses of Pam3CSK4 elicited lower production of TNFα and 

IL-6 by naïve macrophages (Fig 14A). The amount of TNFα produced by post-

influenza macrophages reduced relative to the stimulus, mirroring the titration in 

naïve macrophages. However, despite reducing the input stimulus over the range 

of a log, the production of IL-6 by post-influenza macrophages was unaffected, and 

remained significantly higher than the production by naïve macrophages. Further 

stimulations were typically done at a concentration of 100ng/ml. 
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Although macrophages isolated from the lung and BAL displayed similar 

stimulation profiles (Fig 13), a higher number of macrophages could be retrieved 

from digestion of whole lung. Macrophages were isolated from whole lung by 

magnetic bead separation; α-Siglec F (Biotin) bound to streptavidin beads was 

used to perform a positive selection for these cells. In the lung, both alveolar 

macrophages and eosinophils are found to be positive for Siglec F. Alveolar 

macrophages comprise 10% of live cells in the naïve lung, whereas eosinophils 

only account for ~1%, but both populations were enriched by magnetic bead 

separation. To exclude eosinophils from this population, Siglec F+ cells were 

adhered to tissue culture plates for 2 hours, at which point non-adherent cells were 

washed away. This resulted in an 85-95% pure population of alveolar macrophages 

(data not shown). To further verify that alveolar macrophages alone were 

responsible for the observed cytokine production, cells isolated by MACS 

separation were compared to bona fide alveolar macrophages that had been 

FACS-sorted from the whole lung based on Siglec F+ CD11c+.  

Alveolar macrophages isolated by MACS separation, or FACS sorting 

exhibited an equivalent stimulation phenotype (Fig 14B). Although few cells were 

obtained from this experiment, and replicates were not possible, a clear parallel 

between the two methods was achieved. This demonstrated that the phenotype 

observed from alveolar macrophages obtained by MACs separation was not 

contaminated by another cell, and this method was suitable for further experiments.  

In this experiment, post-influenza macrophages produced slightly higher 

levels (<2fold) of TNFα, while maintaining striking increases in IL-6 production (5 

fold) relative to naïve macrophages.  
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At one month post-influenza, alveolar macrophages have a distinct 

response to TLR agonists, which is exemplified by increased IL-6 production, but 

equivalent TNFα production. This is a selective change of response, which cannot 

be characterised as broadly hyper-responsive, nor tolerant. To further investigate 

the breadth of the macrophage response, a multiplex assaying 36 cytokines 

(Luminex) was performed. The 10 cytokines that were induced in response to 

Pam3CSK4 and LPS are shown (Fig 15). Three patterns of response are evident. 

Cytokines including TNFα, CXCL1, CXCL2 and CXCL5 are produced to equivalent 

levels in both naïve and post-influenza macrophages (Fig 15A). Influenza-

experienced macrophages produce dramatically increased levels of IL-6, CCL4 

(MIP1β), CCL3 (MIP1α) and G-CSF compared to naïve macrophages (Fig 15B). 

Increased production of ISGs such as CCL5 (RANTES) and CXCL10 (IP-10) is 

also seen in post-influenza macrophages, but only in response to LPS (Fig 15C). 

As LPS also results in the production of Type I IFN (Jacobs and Ignarro, 2001), this 

may be responsible for the increased production of CCL5 and CXCL10 with LPS 

but not Pam3CSK4. The production of IFNβ was not detectable by protein (Data 

not shown) or RNA (Fig 15D) in the samples stimulated with Pam3CSK4 or LPS. A 

small, but significant increase in an ISG (ifi203) was observed following LPS 

treatment, but not Pam3CSK4 treatment (Fig 15D), indicating a very low level of 

Type I IFN may be present following LPS.  

 

To confirm that increased IL-6 was observed in vivo, mice were treated with 

LPS intranasally, and cytokine production was measured in broncho-alveolar fluid 

(Fig 16). Equivalent production of TNFα was observed in naïve and influenza 

experienced mice. In accordance with the in vitro data, significantly higher amounts 

of IL-6 were seen in the airways of post-influenza mice.  

 

To identify cytokines with the greatest increase in production in post-

influenza macrophages relative to naïve macrophages, the fold change of induction 

in influenza vs naïve macrophages following Pam3CSK4 (Fig 17A) and LPS (Fig 

17B) stimulation was calculated. Both IL-6 and G-CSF had the highest differential 

expression compared to naïve macrophages following either stimulus. TNFα, 

CXCL1 and CXCL2 were at the bottom of the list, representing their lack of 

differential production in post-influenza macrophages. G-CSF is a growth factor 
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important in neutrophil production and function. The role of this cytokine 

pneumococcal infection is not yet clear. Although endogenously produced in 

response to S. pneumoniae infection, the absence of G-CSF does not impair or 

improve outcome of disease (Knapp et al., 2004a).  IL-6 has been shown to be 

crucial in S. pneumoniae infection, as IL-6KO mice succumb more quickly with 

higher bacterial loads than IL-6 competent counterparts (van der Poll et al., 1997).  

 

Post-influenza macrophages are capable of providing increased protection 

against S. pneumoniae, and the increased production of IL-6 may contribute to this, 

and will be further investigated.  

 

The distinction between the production of TNFα and IL-6 in post-influenza 

macrophages was interesting. At the transcriptional level, these genes are 

regulated differently, and can be described as primary and secondary response 

genes respectively (Ramirez-Carrozzi et al., 2009, Serrat et al., 2014). Secondary 

response genes are formally defined by their requirement for de novo protein 

synthesis prior to their own transcription (Smale and Natoli, 2014), and therefore 

their induction is inhibited by cycloheximide. Primary response genes do not 

require protein synthesis, and are therefore resistant to cycloheximide.  

IL-6 was confirmed to be a secondary gene by virtue of its sensitivity to 

cycloheximide treatment (Fig 17C). The induction of TNFα (Fig 17D) was not 

reduced by cycloheximide, but rather increased, as cycloheximide can prevent the 

production of negative regulators. Other primary response genes, such as CXCL1 

and NFκbiz were confirmed by cycloheximide treatment following TLR stimulation 

(Fig 17E). These experiments demonstrate that alveolar macrophages post-

influenza selectively produce increased amounts of secondary response genes, but 

are not altered in their expression of primary response genes.  

 

Taken together, these data show that alveolar macrophages post-influenza 

are equally capable at phagocytosis, induction of ROS, and cytokine production. In 

particular, cytokines corresponding to primary response genes, such as TNFα, 

CXCL1 and CXCL2 are produced in equal measures in naïve and post-influenza 

macrophages following TLR stimulation. Intriguingly, after the same stimulation, the 
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production of IL-6 is significantly increased in post-influenza macrophages both in 

vitro and in vivo.  
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To test whether the increased IL-6 production in post-influenza mice 

contributed to protection, naïve mice were administered exogenous IL-6 during S. 

pneumoniae infection. To replicate the biological setting as much as possible, local 

administration of IL-6 was delivered intranasally pre-infection, and at 16 hours post-

infection. We observed that any delivery of liquid into the airways post-S. 

pneumoniae exacerbated the infection and increased mortality. Despite this, mice 

that had been treated with recombinant IL-6 were significantly more protected 

against S. pneumoniae compared naïve mice (Fig 18A). This indicates that 

increased levels of IL-6 contribute to protection. 

To address whether the absence of IL-6 was detrimental, IL-6KO mice were 

used. Previous reports have shown that IL-6KO mice succumb more rapidly to 

S.pneumoniae infection (van der Poll et al., 1997). We did not observe a 

significantly increased mortality rate of naïve IL-6KO mice in response to 

S.pneumoniae challenge (Fig 18B). The total amount of IL-6 produced in 

pneumococcal infection in naïve mice is low (Fig 30B), which may explain why the 

absence of this cytokine is not particularly detrimental in a naïve mouse. However, 

we could show that at one month post-influenza, IL-6KO mice did not display the 

same increase in protection to bacterial infection as C57BL/6 mice (Fig 18B).  

 To more directly test the protective role of IL-6 in the context of a bacterial 

infection in an influenza-experienced mouse, we administered a blocking antibody 

to IL-6 (MPF-20F3) prior to S. pneumoniae infection.  αIL-6 was administered in a 

single intranasal dose, 2 hours before S. pneumoniae infection. When cytokines 

were analysed in the BAL of mice which became moribund at 48 hours post-

infection, no IL-6 could be detected in antibody treated mice, or in IL-6KO mice (Fig 

18D). No differences in the amount of TNFα were observed following IL-6 depletion, 

or in an IL-6 deficient mouse (Fig 18D).  

Blockade of IL-6 in influenza-experienced mice significantly reduced the 

protection seen against S. pneumoniae (Fig 18C).   

Taken together, these results demonstrate the ability of increased IL-6 

levels to be protective in S. pneumoniae infection. 
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4.4 Conclusions and discussion 

At one month post-influenza, alveolar macrophages are central for 

protection against S. pneumoniae infection. Transfer of flu-experienced, but not 

naïve macrophages, to a naïve mouse significantly improved the survival of these 

mice upon S. pneumoniae infection (Fig 11). Alveolar macrophages are pivotal in 

respiratory immune responses, in particular to bacterial infection. Lack of alveolar 

macrophages renders the host susceptible to S. pneumoniae (Ghoneim et al., 

2013). Likewise, overexpression of the macrophage differentiation factor GM-CSF 

is protective against lethal pneumococcal challenge (Steinwede et al., 2011). 

However, it is not merely the increased number that is responsible for protection in 

this model, as adoptive transfer of naïve macrophages did not significantly improve 

mortality in response to S. pneumoniae. Therefore, an inherent functional change 

induced in alveolar macrophages by influenza must confer bacterial protection.   

Phagocytosis is the definitive response of the macrophage. Alveolar 

macrophages employ this strategy with high efficiency to resolve microbial infection, 

but also have other mechanisms should their phagocytic capabilities be exceeded 

(Dockrell et al., 2003, Dockrell et al., 2001). To measure the phagocytic capacity of 

alveolar macrophages, uptake of CFSE-labelled S. pneumoniae was measured in 

an in vitro flow cytometry assay (Fig 12). This assay does not account for potential 

factors that may affect interaction in the context of in vivo infection, namely 

opsonisation-dependent phagocytosis, and the capsular variance of the 

pneumococcus.  

Phagocytosis is enhanced by the deposition of antibody and complement on 

the surface of bacteria (Janoff et al., 1999, Hyams et al., 2010, Phipps et al., 2010, 

Yuste et al., 2008). Humans deficient in complement are particularly susceptible to 

pneumocococcal infections (Yuste et al., 2008), the classic pathway of complement 

offers protection against S. pneumoniae in mice (Brown et al., 2002) (Mold et al., 

2002). However, S. pneumoniae is equally equipped to evade complement 

deposition, principally via the polysaccharide capsule. Capsule prevents the 

binding of immunoglobulins, and the deposition of C3b/iC3b, reducing phagocytosis 

(Camberlein et al., 2015, Hyams et al., 2010, Weinberger et al., 2009). Transparent 

variants have relatively low capsular polysaccharide relative to opaque variants, 
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and have increased adherence, but are characteristically less virulent (Kim and 

Weiser, 1998).  

Without a full understanding of the capsular state of the S. pneumoniae in 

this setting, it is difficult to judge the importance of opsonisation on phagocytosis by 

alveolar macrophages. We have also not formally excluded a humoral or 

complement-mediated contribution to macrophage response. However, S. 

pneumoniae protection can be transferred by alveolar macrophages alone,  

indicating an inherent change to the macrophage, rather than other host factors.  

A criticism of the assay that we have used here is that it does not definitively 

report phagocytosis. The presence of CFSE signal in the macrophage only signifies 

uptake, and may be confounded by extracellular bacteria, despite our efforts to 

quench this signal with trypan blue. A dye such as phRODO will fluoresce in acidic 

conditions such as the phagosome, and much more accurately demonstrate 

bacterial phagocytosis.   

Additionally, a “killing assay” could be used to investigate the microbicidal 

properties of macrophages. In these methods, live bacteria are quantitated 

following an incubation period with alveolar macrophages.  

To further investigate microbicidal functions of alveolar macrophages, their 

ability to produce reactive oxygen species (ROS) was measured. Streptococcus 

pneumoniae is unusually resistant to oxidative stress (Yesilkaya et al., 2013). 

Although neutrophil derived ROS is redundant for direct pneumococcal killing, 

oxidative species are capable of orchestrating the inflammatory response, and may 

therefore still contribute to host defence (Warnatsch et al., 2017). Neutrophil 

recruitment, activation and apoptosis are influenced by the production of ROS in 

pneumococcal infection (Marriott et al., 2008, Marriott et al., 2007, Warnatsch et al., 

2017).  We investigated the oxidative burst in alveolar macrophages in response to 

heat-killed S. pneumoniae by use of luminol, a cell permeable chemiluminescent 

probe that reports both intracellular and extracellular ROS production. Alveolar 

macrophages elicited a significant response to the bacterial stimulus, which peaked 

at 10 minutes, but no difference was detectable between naïve and post-influenza 

macrophages (Fig 12B).  
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These data thus suggest that naïve and post-influenza macrophages are 

fully competent at classical antimicrobial mechanisms in host defence against S. 

pneumoniae.  

 

The cytokine profile following TLR stimulation of naïve and post-influenza 

macrophages revealed a selective response by influenza-experienced 

macrophages (Fig 15). Cytokines were either induced in equal amounts by both 

naïve and post influenza macrophages (TNFα, CXCL1, CXCL2 and CXCL5), or in 

significantly higher amounts by post-influenza macrophages (IL-6, MIP1α, MIP1β 

and G-CSF/ CCL5, IP-10). A previous report has described blunted production of 

cytokines by alveolar macrophages up to 6 weeks post-influenza, as a result of 

decreased NF-κB activation (Didierlaurent et al., 2008). Conversely, we did not see 

a reduced response in any of the cytokines tested by a 36-cytokine multiplex 

following Pam3CSK4 or LPS stimulation in vitro or in vivo (Fig 15).   

The increased induction of CCL5 and IP-10 was only seen in response to 

the TLR4 agonist LPS. Both CCL5 (RANTES) and IP-10 (CXCL10) are interferon 

inducible genes, and LPS induces the autocrine and paracrine production of IFNβ. 

Although interferon protein was undetectable in these stimulations, only low levels 

are needed for gene induction, and a low level of interferon-stimulated genes 

(ISGs) were induced following LPS stimulation. Interestingly, the ISG CXCL10 has 

been shown to have antimicrobial activity against a range of gram positive and 

negative bacteria (Cole et al., 2001, Margulieux et al., 2016), although it has not 

been investigated in pneumococcal infection. 

The stimulation of macrophages with TLR-agonists revealed several points 

of interest. Firstly, the cytokine response of macrophages was altered post-

influenza. This demonstrates that influenza infection, though transient, is capable of 

inducing a prolonged change in this population. Secondly, the difference exhibited 

by post-influenza macrophages was selective, as only a subset of genes displayed 

increased expression. Thirdly, and of relevance to the increased protection to 

bacterial infection, one of the genes with increased expression is IL-6.  

The increased expression of IL-6 is of particular interest in the context of S. 

pneumoniae infection. Mice deficient in IL-6 are more susceptible to pneumococcal 

infection, accompanied by high bacterial loads and mortality (van der Poll et al., 

1997). Much is still unknown concerning the exact role and protective function of IL-
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6. Indeed, the effect of IL-6 may be dependent on the severity of the challenge. The 

absence of IL-6 promotes increased inflammation in response to low doses of 

lipoteichoic acids (LTA), a component of gram negative bacteria. However, this 

effect is not seen at higher doses of LTA, nor with PepG; another component of 

gram-positive bacteria (Leemans et al., 2002). 

However, circulating IL-6 is also clinically associated with poor prognosis in 

patients with sepsis (Pettilä et al., 2002, Patel et al., 1994). In contrast to the 

protective role of IL-6 in pneumococcal pneumonia, the absence of IL-6 was seen 

to be beneficial to host survival in two models of systemic bacterial dissemination 

(Riedemann et al., 2003, Nullens et al., 2016). The paradoxical role of IL-6 may be 

attributed to quantitative differences in the amount of this cytokine in these two 

different models. Alternatively, IL-6 may direct opposing functions in local or 

systemic responses (Kopf et al., 1994). Therefore, the method of delivery had to be 

considered to replicate the physiological effect.  

The importance of the delivery method of cytokine treatment in S. 

pneumoniae infection is emphasised by a study in which local intranasal delivery of 

GM-CSF was protective in the context of S. pneumoniae infection, whereas 

systemic delivery had no effect (Steinwede et al., 2011). To replicate the biological 

production of IL-6 by alveolar macrophages, exogenous IL-6 was administered 

intranasally to naïve mice. Naïve mice produce very low amounts of IL-6 during our 

model of S. pneumoniae infection, which could explain why the lack of this cytokine 

in a full mouse does not increase their susceptibility (Fig 18B). However, the 

addition of IL-6 significantly increased the survival of naïve mice, replicating the 

protection seen in influenza-experienced mice (Fig 18A).   

 

A number of studies have observed persistent changes in macrophage 

function following infection (Machiels et al., 2017, Chen et al., 2012, Didierlaurent 

et al., 2008). This has thus far been a general “hyporesponsiveness” or “tolerance” 

phenotype, which has resulted in reduced activation in response to a secondary 

stimulus (Didierlaurent et al., 2008, Machiels et al., 2017). This does not seem to 

be the case in our model. Post-influenza macrophages produce equivalent, or 

greater amounts of every cytokine we tested. Therefore, their response to TLR 

agonists cannot be described as blunted. Equally, they are not broadly 
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hyperresponsive, as only a subset of pro-inflammatory cytokines show increased 

induction.  

Both cytokines are classical examples of genes induced downstream of 

NFκB. There are numerous mechanisms which can contribute to a cell-type or 

stimulus specific response following NFκB activation, which include; co-operative 

binding at promoters with other transcription factors (Ghisletti et al., 2010, Heinz et 

al., 2010) and inaccessibility of the chromatin at the promoter or enhancer of genes.  

We identified, that in post-influenza macrophages, secondary response 

genes (IL-6) were differentially regulated, while there was no difference in the 

expression of primary response genes (TNFα). The transcription of IL-6 is 

dependent on de novo protein synthesis, as assessed by its sensitivity to 

cycloheximide (Foster et al., 2007, Ramirez-Carrozzi et al., 2009).  While IL-6 is a 

secondary response genes in a number of differentiated cells, in fibroblasts it is 

seen to be a primary response gene, highlighting the potential for terminal 

differentiation to instruct gene regulation (Ramirez-Carrozzi et al., 2009). 

The differential regulation of IL-6 in post-influenza macrophages may 

indicate the co-operative binding with another transcription factor. In peritoneal 

macrophages, the induction of IL-6 but not TNFα in response to TLR ligands relies 

on the production of the transcription factor IκBζ (Yamamoto et al., 2004). This 

transcription factor is also a primary response gene, hence the divergent 

dependence of these pro-inflammatory cytokines on its transcription. Indeed, we 

saw Nfkbiz (IκBζ) to be induced in response to Pam3CSK4, but this was not higher 

in post-influenza macrophages compared to naïve macrophages (data not shown). 

It would be necessary to investigate the association of this transcription factor with 

IL-6 locus, by Chromatin-immunoprecipitation (ChIP).  

Another study defined a temporal distinction between subsets of NFκB 

regulated genes following LPS stimulation (Saccani et al., 2001). In a macrophage 

cell line, the primary response gene CXCL2 was described as a gene 

“constitutively and immediately accessible” to NFκB, whereas IL-6 was described 

as having “regulated and late accessibility”. This variance in expression was 

associated with chromatin accessibility of these genes. Following LPS stimulation, 

rapidly induced genes display high levels of acetylation which allowed direct 

accessibility of NFκB. In contrast, acetylation was seen to slowly increase in 

parallel with gene transcription of genes such as IL-6 (Saccani et al., 2001).  
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Chromatin modifications are capable of increasing the accessibility of a 

gene to transcription factors, and improving the speed and duration of gene 

expression (Foster et al., 2007, Qiao et al., 2013).  Various marks of histone 

acetylation, and methylation can denote the presence of “latent” and “active” 

enhancers. Enhancers can prime the regulatory regions of genes, allowing for a 

increased and prolonged signal of secondary genes including IL-6 (Qiao et al., 

2013). The concept of epigenetic marks induced by an inflammatory stimulus 

contributing to non-specific activation of immune cells has been developed into the 

hypothesis of trained immunity. Trained immunity is described as an “altered 

functional state of innate immune cells that persists for weeks to months, rather 

than years, after the elimination of the initial stimulus” (Netea et al., 2016). However, 

the explicit definition requires a strict experimental proof.   

Firstly, the initial stimulus must be completely absent. We have not yet 

explored the potential for a local signal from the micro-environment inducing 

changes in the alveolar macrophages.  Additionally, trained immunity requires the 

alteration of the initial innate immune cell. As of yet, in vivo examples of 

macrophage “training” have not excluded the potential of monocyte differentiation 

contributing to altered macrophage reactivity (Didierlaurent et al., 2008, Chen et al., 

2012). In fact, recent studies have directly attributed altered macrophage 

phenotype to monocyte replacement (Machiels et al., 2017, Misharin et al., 2017), 

and therefore this may not be termed trained immunity.   

Macrophage differentiation in itself is important in determining the chromatin 

landscape. Lineage determining transcription factors (LTDFs) co-operate with other 

transcription factors, such as PU.1 to induce the deposition of histone marks 

(H3K4me1), and nucleosome remodelling (Heintzman et al., 2009, Heinz et al., 

2010, Ghisletti et al., 2010). These marks of enhancers (H3K4me1) appear at key 

branching points in myeloid development, but become active following terminal 

differentiation (Lara-Astiaso et al., 2014). The chromatin landscape of 

macrophages from different tissues is strikingly different, and also unique 

compared to monocytes (Lavin et al., 2014).  

Therefore, a proper description of origin is important in considering the 

chromatin landscape and transcriptional profile of macrophages.  

 

 



Chapter 5. The contribution of monocytes to 
alveolar macrophages post-influenza  

5.1 Introduction 

In the 1960’s, van Furth and colleagues defined a mononuclear phagocyte 

system (MPS) (van Furth and Cohn, 1968), in which a circulating monocyte was 

postulated to serve as a common precursor for macrophages (van Furth et al., 

1972). Until recently, this was a widely accepted view of macrophage origin, 

supported by results in irradiation chimeras (Godleski and Brain, 1972, Maus et al., 

2006). However, the dogma has changed over the past few years, as fate mapping 

studies have demonstrated an embryonic origin to many populations of tissue 

resident macrophages (Yona et al., 2013, Hashimoto et al., 2013, Guilliams et al., 

2013, Schulz et al., 2012, Ginhoux et al., 2010, Epelman et al., 2014b). These 

studies have clarified many results inferred from a gross perturbation of the host 

(Yona et al., 2013, Hashimoto et al., 2013, Schulz et al., 2012, Epelman et al., 

2014a, Misharin et al., 2017). This has also proved useful in studies of infection 

and inflammation, where previously surface markers have been the only available 

distinction of origin. 

Throughout adult life, many resident macrophage populations are displaced 

by monocytes, with temporal differences depending on the tissue. Certain 

macrophage populations, including microglia of the brain, Langerhans cells of the 

skin and alveolar macrophages of the lung maintain an embryonic origin for the 

duration of the host, relying on self-renewal and a long half-life (Guilliams et al., 

2013, Ginhoux et al., 2010, Merad et al., 2002). At the other end of the spectrum, 

intestinal macrophages are constantly being replenished by monocytes (Zigmond 

et al., 2012, Tamoutounour et al., 2013).  

A distinction in origin is important as this may ultimately influence function, 

although context is key. Monocytes which differentiate into alveolar macrophages 

at steady state are shown to be transcriptionally, and functionally similar to cells 

which derive from an embryonic origin (van de Laar et al., 2016). However, should 

recruitment and differentiation occur during infection, cytokines in the inflammatory 

mileu may polarise the phenotype of monocytes as they differentiate, and affect 
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their functional output (Machiels et al., 2017, Misharin et al., 2017, Chen et al., 

2012). For example, the recruitment of monocyte-derived alveolar macrophages 

following lung damage is central to the development of subsequent fibrosis 

(Misharin et al., 2017). Conversely, macrophage differentiation during 

gammaherpes infection results in a more tolerized macrophage phenotype 

(Machiels et al., 2017). Therefore, the local environment is instrumental in 

determining macrophage phenotype (Lavin et al., 2014), and therefore it is 

unsurprising that differentiation in the context of damage or inflammation may 

instruct lasting changes. Cytokines produced during inflammation can 

epigenetically alter cells, such as macrophages, priming them for an altered 

response to a secondary stimulus (Qiao et al., 2013). The in vivo longevity of this 

imprint has not been investigated. However, should resident macrophages 

proliferate extensively in an inflammatory context, a large proportion of these cells 

may be functionally altered.  

Local proliferation is responsible for maintaining the population of 

embryonically derived alveolar macrophages, without a monocyte contribution 

(Guilliams et al., 2013, Hashimoto et al., 2013). These cells are long lived, and 

possess a distinctive capacity for self renewal (Soucie et al., 2016). 

A number of studies have tried to address the contribution of monocytes to 

this population during influenza, but have produced conflicting results (Hashimoto 

et al., 2013, Misharin et al., 2017, Janssen et al., 2011, Ghoneim et al., 2013). 

Whereas most studies report a severe depletion of alveolar macrophages at the 

peak of influenza infection (Hashimoto et al., 2013, Ghoneim et al., 2013), others 

do not (Janssen et al., 2011). Experimental specifics, such as host and virus strain 

may contribute to the resistance of alveolar macrophages to disappearance during 

viral infection, although an unambiguous characterisation of cells by flow cytometry 

is important in these experiments. By use of fate mapping, monocytes were not 

observed to contribute to alveolar macrophages post influenza (Hashimoto et al., 

2013). However, an alternative system of lineage tracing reported a significant 

proportion of alveolar macrophages to be of monocyte origin post-influenza 

(Misharin et al., 2017).  

Tissue damage and inflammation are local signals that induce the 

recruitment and differentiation of monocytes, either directly, or indirectly via 

resident macrophage depletion. Much work remains to be done to understand the 
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precise requirements of monocyte engraftment, however these cells may possess 

a competitive advantage over resident cells in the context of an empty niche 

(Hashimoto et al., 2013, Scott et al., 2016). The extent of local proliferation vs 

monocyte recruitment will be heavily context dependent, and rely on many local 

influences (Jenkins et al., 2011).  

 

 

5.2 Aims: 

To assess the monocyte contribution to the alveolar macrophage population at one 

month post-influenza, and at later time points. 

To characterise monocyte-derived alveolar macrophages. 

To investigate altered responsiveness to TLR ligands in resident vs recruited 

macrophage populations. 
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5.3 Results  

Kinetics of macrophage repopulation following influenza infection 

Bone marrow derived monocytes are capable of differentiating into alveolar 

macrophages upon availability to the niche (van de Laar et al., 2016, Guilliams and 

Scott, 2017). Previous studies have reported a significant depletion of alveolar 

macrophages during influenza infection (Hashimoto et al., 2013, Ghoneim et al., 

2013), whereas others have not witnessed this phenomenon (Janssen et al., 2011). 

To assess the kinetics of monocyte and macrophage populations during influenza 

infection, flow cytometry was performed on whole lung. Acute inflammation causes 

upregulation of many common myeloid markers (Ly6C, CD11b, CD64) on immune 

cells. During this period of inflammation and cell differentiation, gates which allow 

definitive discrimination of populations are hard to define. Additionally, many cells 

differentiate during this period, such as monocyte-derived dendritic cells, which 

may confound traditional gating strategies.  

To focus specifically on monocytes and macrophages, other cell types were 

initially excluded. Following dead and doublet exclusion, a lineage exclusion of B-

cells (CD19+), T-cells (CD3+) and NK cells (NK1.1+) was performed. Neutrophils 

(Ly6G+ CD11b+) and eosinophils (Siglec F+ CD11b+ CD11c- CD64-) were excluded 

to prevent contamination of the CD11b/Siglec F gates. Although dendritic cells and 

interstitial macrophages were still present in the remaining population, no single 

marker could be used to reliably and exclusively remove these cells. MerTK is a 

surface marker exclusive for macrophages, and could have been used to improve 

macrophage definition (Gautier et al., 2012b). Additionally, dendritic cells could 

possibly have been excluded based on their CD26 positivity, although this marker 

has been characterised at steady state, and not examined in infection (Guilliams et 

al., 2016). 

Within the remaining population, many defining characteristics of 

macrophages (CD64, FSC-A) were seen to be fluid between Siglec F positive and 

negative cells over the course of infection (Fig 19D). Siglec F is a characteristic 

marker of alveolar macrophages, and eosinophils, which have been excluded at 

this point. Many inflammatory immune cells express CD11b, and even alveolar 

macrophages are seen to be positive for this marker at d6 (Fig 19A). However, 

macrophages could be identified as Siglec F+ cells, and were further confirmed as 
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bona fide alveolar macrophages on the basis of CD64 positivity (Fig 19A). Of the 

remaining CD11bhi cells, Ly6Chi cells were defined as “inflammatory” monocytes 

(Fig 19A) (Misharin et al., 2013).  

Alveolar macrophages rapidly decreased in frequency (Fig 19B) and 

absolute number (Fig 19C) over the first 6 days of influenza infection (Fig 19B). In a 

naïve lung, alveolar macrophages comprise ~11% of live cells, which had 

decreased to 3% by day 3 post-infection, and remained low at 2% on day 6-7. 

Following this dramatic reduction of macrophages, numbers sharply increased. At 

12 days post-infection alveolar macrophage numbers had stably increased (Fig 

19B). Simultaneously with macrophage depletion, high frequencies of inflammatory 

(Ly6Chi) monocytes were seen in the lung (Fig 19B). High frequencies of 

monocytes were present from day 3-6, at which point numbers declined.  

The reciprocal pattern of monocyte and macrophage presence in the lung 

during acute influenza infection may indicate that a fraction of inflammatory (Ly6Chi)  

monocytes differentiate into alveolar macrophages, accounting for the sudden 

increase of macrophages, with the decrease of monocytes. However, at day 7 and 

8 post-infection, very low numbers of Ly6Chi monocytes or alveolar macrophages 

were seen in the lung. There may be an intermediate population at this point. 

Ly6Chi monocytes have been shown to differentiate into Ly6Clo monocytes (Yona et 

al., 2013, Varol et al., 2007, Sunderkötter et al., 2004), yet the numbers of these 

cells do not dramatically increase (Fig 19B). It is possible that monocytes 

dramatically downregulate CD11b, and are not yet Siglec F positive, and therefore 

fall into the double negative gate (Fig 19A). However, this double negative gate 

does not significantly change over the course of infection. It is also possible that a 

monocyte-macrophage intermediate is excluded due to the gates drawn by the 

markers used.  
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To observe the disappearance and repopulation of alveolar macrophages, 

characteristic phenotypic markers were plotted on the live, singlet gate after 

exclusion of lineage, neutrophils and eosinophils (Fig 19D). This approach aimed to 

circumvent traditional gating strategies that may exclude intermediate populations. 

As previously discussed, a gradation of CD64 positivity and size (FSC-A) is 

observed on the monocyte/macrophage population over the course of infection. 

The visualisation of cells in this way aimed to be a more unbiased approach to 

identifying the source of repopulation. Alveolar macrophages are easily identifiable 

as the only remaining Siglec F+ cells following eosinophil exclusion, with high 

CD64+ expression and FSC-A. The reduction of this population is seen at day 6, 

concurrent with an influx of Siglec F- CD64+ cells (top panels). At day 9, this 

population appears to split into CD64hi, CD64med and CD64lo low cells, and from d9-

d14 the CD64hi cells become more positive for Siglec F. At the same time, a subset 

of Siglec F- cells increase in forward scatter, bridging this population and alveolar 

macrophages.  Therefore, it appears that the upregulation of Siglec F and increase 

in size in a proportion of CD64hi cells between day 9 and day 14 post-influenza 

infection may be akin to the “monocyte waterfall” observed in the gut (Bain et al., 

2014).  This term is used to describe the characteristic loss of Ly6C and gain of 

MHC II as monocytes differentiate into intestinal macrophages seen in the gut 

during the differentiation of monocytes to resident macrophages. Additionally, a 

similar transit is seen in interstitial lung macrophages (Gibbings et al., 2017).  

 

CCR2-dependent cells contribute to the alveolar macrophage population and 

phenotype at one month post-influenza 

To more formally address the contribution of monocytes, CCR2KO mice were used 

in this model. CCR2 is a receptor which is required for the egress of Ly6Chi 

monocytes the from bone marrow (Serbina and Pamer, 2006). CCR2KO mice were 

infected with influenza, and whole lungs were analysed by flow cytometry at one 

month post-flu. Very low numbers of inflammatory monocytes (Ly6G- Siglec F- 

CD11b+ Ly6C+) were present in CCR2KO lungs, although these cells were not 

entirely absent (Fig 20A), as previously reported (Serbina and Pamer, 2006, 

Sabatel et al., 2017).  



Chapter 5. Results 

 

136 

 

 
 



Chapter 5. Results 

 

137 

 

Naïve CCR2KO mice displayed a slightly higher frequency of alveolar 

macrophages (9%) compared to naïve C57BL/6 (6%) in these experiments, but 

there was no significant difference in the absolute numbers of this population in 

naïve mice (Fig 20A). At one month post-influenza, the frequency and absolute 

number of alveolar macrophages increased in both C57BL/6 and CCR2KO mice, 

despite the lack of monocyte contribution in CCR2KO mice (Fig 20A). 

Although an equivalent increase of alveolar macrophages was seen in both 

C57BL/6 and CCR2KO mice at one month post-influenza, the profile of surface 

markers on these populations is markedly different, and may suggest the lack of 

monocyte contribution (Fig 20C). A Siglec Flo population is seen in C57BL/6 at one 

month post-influenza, which is significantly reduced in CCR2KO mice (Fig 20B and 

D). The increased expression of CD200R and CD64 seen in C57BL/6 post-

influenza macrophages is significantly decreased in the CCR2KO equivalent (Fig 

20C). Increased expression of MHC class II and CD11b are observed in a 

CCR2KO macrophage, although this is reduced compared to a C57BL/6 

macrophage. As previously discussed, MHCII and CD64 are markers implicated in 

monocyte-derived myeloid cells (Plantinga et al., 2013, Tamoutounour et al., 2013, 

Molawi et al., 2014). Therefore, it appears that the lack of monocyte contribution to 

the post-influenza macrophage population in a CCR2KO mouse is reflected in the 

reduced expression of markers indicating “monocyte” origin; MHCII, CD64 and 

CD11b, although not in absolute numbers of alveolar macrophages.  

Therefore, despite the increase in alveolar macrophage numbers induced by 

influenza in a CCR2KO mice, these cells are not equivalent to the post-influenza 

macrophages found in a wildtype mouse. This is evident in the reduced surface 

expression of MHC II, CD64 and CD11b on post-influenza CCR2KO macrophages.  

 

To test whether, in addition to changes in their surface expression, 

CCR2KO alveolar macrophages exhibited an altered stimulation phenotype post-

influenza, macrophages were isolated from naïve and influenza-experienced 

C57BL/6 and CCR2KO mice, and stimulated with TLR agonists as before (Fig 15). 

There was a minimal effect of genotype or infection status on the production of 

TNFα following Pam3CSK4 or LPS stimulation (Fig 21A). Both naïve C57BL/6 and 

CCR2KO macrophages produced a significant amount of IL-6 in response to TLR 

agonists (~0.1ng/ml), but this was not different between genotypes (Fig 21B). As 
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previously shown, alveolar macrophages isolated from C57BL/6 lungs at one 

month post-influenza produced significantly increased amounts of IL-6 compared to 

naïve macrophages. However, at one month post-influenza, the production of IL-6 

from a CCR2KO macrophage was significantly ablated compared to that of wild 

type (Fig 21B). Therefore, the recruitment and differentiation of monocytes during 

influenza infection is partially responsible for the selective increase in IL-6, but not 

TNFα production in response to TLR agonists.  

Although the lack of circulating monocytes in a CCR2KO mouse does not 

significantly affect the increase in alveolar macrophage number post-influenza, 

these macrophages produce significantly less IL-6, and are therefore functionally 

altered compared to a BL/6 mouse. As we have shown increased IL-6 to be 

relevant for protection against S. pneumoniae (Fig 17), CCR2KO mice were tested 

for their protection against this bacterial infection post-influenza. Naïve CCR2KO 

mice were slightly less susceptible than naïve C57BL/6 mice to S. pneumoniae 

infection, although this was not significant (Fig 21C). Strikingly, at one month post-

influenza, no increased protection to bacterial infection was observed in CCR2KO 

mice (Fig 21C).  

Previously we have shown that an increased number of naïve macrophages 

is not sufficient for protection against S. pneumoniae (Fig 11). Similarly, CCR2KO 

mice show an increased number of alveolar macrophages post-influenza, but 

remain susceptible to pneumococcal infection. This further supports the notion that 

an inherent change to the alveolar macrophage population induced by influenza is 

important for protection against the secondary bacterial infection, and this inherent 

change is a result of monocyte contribution.  
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Irradiation chimeras and PKH26 fail to discriminate resident and recruited 

macrophage populations 

Collectively, these data indicate that the differentiation of monocytes during 

influenza provides a functional contribution to the protection from a secondary 

bacterial challenge at one month post-infection. However, as resident 

macrophages may also be capable of repopulation in the absence of monocytes, 

as we have observed in CCR2KO mice (Fig 20B) (Hashimoto et al., 2013), we 

aimed to investigate the absolute numbers, and functional contributions of resident 

vs recruited macrophages during influenza infection. 

Bone marrow chimeras are a method by which, following irradiation of the 

host, mice can be transplanted with congenically marked donor bone marrow, to 

track the reconstitution of tissues with cells from a hematopoietic origin. Radio-

resistant cells, such as the epithelium and stroma, remain of host origin. Alveolar 

macrophages exhibit a relative resistance to radiation, dependent on dose (Tarling 

et al., 1987). Additionally, a high variation in replacement of alveolar macrophage 

replacement is seen across studies, and depending on the time-point assessed 

(Maus et al., 2006, Murphy et al., 2008, Tarling et al., 1987). We established 

irradiation chimeras in which mice were irradiated twice with 5Gys, with a 16hr 

interval between doses. Following irradiation, CD45.1 mice were reconstituted with 

C57BL/6 (CD45.2) or CCR2KO (CD45.2) bone marrow. The chimerism of alveolar 

macrophages was investigated at 12 weeks following irradiation and congenic bone 

marrow transplantation (Fig 22), when reconstitution has presumably stabilised 

(Murphy et al., 2008). In these mice, circulating monocytes, and lymphoid cells are 

entirely of donor origin, even when CCR2KO bone marrow is used for 

reconstitution. Alveolar macrophages have also been entirely replaced by cells of a 

donor origin. This was the case when either C57BL/6 or CCR2KO (CD45.2) bone 

marrow was used. Studies have shown that if the lung is protected from irradiation 

with lead shielding, host chimerism of alveolar macrophages may be preserved 

(Murphy et al., 2008). Unfortunately, it was not possible to achieve this setup in our 

facility. Due to the diffuse radiation source of the irradiator, we could not construct 

shielded chimeras.  
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Alternative methods used to discriminate between resident and recruited 

macrophages include the use of PKH26-PCL (Ghoneim et al., 2013, Murphy et al., 

2008). PKH26-PCL forms dye microaggregates which can be ingested by 

phagocytes, predominantly alveolar macrophages in the lung. Intranasal and 

intravenous treatment of mice with PKH26 exclusively labels alveolar macrophages 

in the lung (Fig 22C). Additionally, a high percentage of alveolar macrophages are 

labelled 4 days post-PKH26 delivery (Fig 22D). This is slightly higher when the dye 

is delivered intranasally. However, the frequency of labelled macrophages declines 

over time following intravenous, but not intranasal delivery (Fig 22C). As the 

fluorescence of the dye dilutes with every cell division (Tario et al., 2012), the 

disparity in PKH26 labelling following two deliveries may indicate three possibilities. 

Firstly, that the intravenous labelling of the dye successfully labels alveolar 

macrophages initially, but causes a more substantial proliferation, which results in 

the loss of signal. Secondly, that intranasal delivery delivers a higher number of 

particles to the lung, which quench the fluorescent signal of the macrophages, so 

that even following cell division, the signal remains high.  Thirdly, that intranasal 

delivery results in some residual dye in the lung, which is not initially phagocytosed. 

Following alveolar macrophage proliferation, new cells acquire the dye, and retain 

a positive signal. The latter hypothesis is supported by the observation that upon 

influenza infection, CD11b+ cells recruited into the airways also become highly 

positive for PKH26 (Fig 22E). Therefore, potentially because of longevity in the 

airways, this dye is unsuitable to discriminate between resident, and recruited cells 

following influenza infection.  

 

The post-influenza macrophage population is comprised of a significant proportion 

of CCR2 dependent monocytes 

As irradiation chimeras were not suitable for distinguishing host derived 

alveolar macrophages relative to BM derived monocytes recruited during influenza 

infection, an alternative approach was used. To enable bone marrow engraftment 

of a congenically marked donor population, while retaining the population of host 

alveolar macrophages, a myeloablative chemical was used. Busulfan is an 

alkylating agent used in chemotherapy which ablates stem cells to allow for 

engraftment of donor  bone marrow (Westerhof et al., 2000, Hogan et al., 2015). 

Mice were treated with Busulfan as described (Hsieh et al., 2007), and 
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reconstituted with either congenic C57BL/6 or CCR2KO bone marrow. At 6-8 

weeks post-Busulfan and reconstitution, mice were infected with PBS or influenza 

(Fig 23A). Prior to infection, mice were bled to ascertain reconstitution. The 

frequency of circulating monocytes was unaffected by donor genotype (Fig 23B). 

Chimerism of the blood monocytes was high (70%) when C57BL/6 (CD45.2) bone 

marrow was transferred into a CD45.1 Busulfan host. Congruent with the role of 

CCR2 in monocyte egress from the BM, the chimerism of blood monocytes was 

much lower (20%) when CCR2KO bone marrow was used for reconstitution (Fig 

23B).  

In the lung, chimerism of immune cells such as neutrophils was seen to be 

~60% independently of infection or donor genotype; as CCR2 is not required for 

neutrophil egress from the bone marrow (Fig 23C). The chimerism of blood 

monocytes was reflected in the lungs of both naïve and influenza-experienced mice 

(Fig 23D). In mice reconstituted with CCR2KO bone marrow, a slightly higher 

chimerism was seen in mice with post-influenza, possibly due to the requirements 

for emergency myelopoiesis during this infection (Fig 23D). This was still 

considerably lower than the C57BL/6 equivalent.  

Alveolar macrophages in naïve lungs displayed very low (<5%) replacement 

(Fig 23E), confirming previous studies showing that alveolar macrophages self-

maintain under steady state, with minimal contribution from the bone marrow 

(Hashimoto et al., 2013, Guilliams et al., 2013).  Therefore, Busulfan chimeras are 

a preferable alternative to total body irradiation chimeras for our purposes, as it 

allows for high engraftment of donor bone marrow, while retaining an alveolar 

macrophage population entirely of host origin.  
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At one month post-influenza infection, a significant proportion of alveolar 

macrophages was derived from donor origin ~54% (Fig 23E), demonstrating a 

significant contribution of bone-marrow derived cells to this population. These cells 

were shown to be CCR2 dependent, as in mice reconstituted with CCR2KO bone 

marrow, a very low contribution was seen in both naïve and post-influenza mice 

(Fig 23E).  

This model is important in supporting earlier experiments in a CCR2KO 

mouse (Fig 20). Here, we demonstrate that CCR2-dependent cells, most likely 

inflammatory (Ly6Chi) monocytes, give rise to a significant fraction of alveolar 

macrophages at one month post-influenza in a wild type mouse. Although we had 

used the CCR2KO mouse following the presumption that CCR2 dependent 

monocytes were an important precursor for alveolar macrophages during influenza, 

we confirm it with these results.  

However, the exact number of monocyte derived alveolar macrophages 

cannot be directly quantified using this system. As Busulfan does not entirely 

deplete hematopoietic stem cells of the host, these mice display an incomplete 

replacement of circulating blood monocytes by “donor” cells. Some “host” 

monocytes remain in circulation, and may contribute to alveolar macrophages post-

influenza. Therefore, we cannot determine whether the “host” population of alveolar 

macrophages represents monocytes, or resident alveolar macrophages which have 

proliferated.  

To achieve complete replacement of circulating monocyte with donor bone 

marrow, and therefore allowing us to accurately distinguish resident from recruited 

macrophages post-influenza, CCR2KO mice were used as hosts for Busulfan 

treatment. The reconstitution of CCR2KO mice with congenic CD45.1 bone marrow 

will ensure a chimera in which only donor cells are competent for CCR2, and 

therefore capable of egress, achieving a high replacement of monocytes by the 

donor genotype, while retaining the host identity of alveolar macrophages.  
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In these mice, 90-100% of blood and lung monocytes were observed to be 

of donor origin, irrespective of infection status (Fig 24A, 24B). Crucially, alveolar 

macrophages were seen to be entirely of host origin in a naïve lung (Fig 24C). 

Therefore, this model is appropriate for addressing the exact contribution of bone-

marrow derived cells in the alveolar macrophage population, as any “host” cells will 

not be monocyte derived. At one month post-influenza, alveolar macrophages had 

increased in frequency, as in the WT C57BL/6 model (Fig 24D). Surprisingly, 

monocyte-derived cells accounted for ~55% of alveolar macrophages post-

influenza, a very similar number achieved when using C57BL/6 mice as hosts (Fig 

23E).  

We cannot formally exclude that a CCR2 independent precursor contributes 

to the macrophage population post-influenza. A population of CCR2 independent 

Ly6C monocytes has been reported (Sabatel et al., 2017), which are 

transcriptionally identical to CCR2 dependent monocytes, with the exception of 

CCR2. Indeed, these cells have been identified as the precursor for another 

pulmonary macrophage population, which expand following CpG treatment 

(Sabatel et al., 2017). Whether these cells can also contribute to alveolar 

macrophages has not yet been assessed.   

 

Monocyte derived macrophages are responsible for the increased IL-6 production 

seen following TLR-stimulation one month post-influenza 

 We have observed that the absence of monocytes impacts the increased 

production of IL-6 by influenza-experienced macrophages (Fig 20). Therefore, we 

used CCR2KO Busulfan chimeras to address whether the origin of a post-influenza 

macrophage was responsible for the cytokine profile. Alveolar macrophages were 

isolated from the lungs of naïve and influenza-experienced CCR2KO Busulfan 

chimeras, as previous. Macrophages were stimulated with Pam3CSK4 in the 

presence of brefeldin, and cytokine production was measured by intracellular 

cytokine staining (ICCS), quantified by flow cytometry. ICCS of IL-6 was a relatively 

insensitive staining. In naïve macrophages, IL-6 RNA and protein can be detected 

following TLR-stimulation (Fig 15), although this was not evident from ICCS (Fig 

24E, top left panel). However, concurrent with previous results of protein 

quantification (Fig 14), post-influenza macrophages show a significantly increased 

IL-6 signal compared to naïve macrophages in response to TLR stimulation (Fig 
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24E). CD45.1 (recruited) macrophages are responsible for almost the entire 

detectable production of IL-6 in post-influenza macrophages by ICCS. Therefore, a 

monocyte-derived alveolar macrophage produces significantly increased IL-6 

compared to an embryonically derived macrophage at one month post-influenza. 

Interestingly, a similar phenotype was recently observed in gut macrophages. 

Resident intestinal macrophages can be identified by the high expression of Tim4 

and CD4. Despite an equivalent production of TNFα by recruited and resident 

macrophages in culture, monocyte-derived macrophages exclusively produce IL-6, 

whereas resident macrophages do not (Shaw et al., 2018).   

TNFα production was also quantified by flow cytometry following 

Pam3CSK4 stimulation. A significant amount of TNFα was detected in naïve 

macrophages, which are predominantly of host origin (Fig 24E, bottom left panel). 

At one month post-influenza, both recruited and resident macrophages are equally 

capable at producing TNFα. Recruited (CD45.1) macrophages represent a slightly 

higher proportion of the total number of alveolar macrophages, but on a per-cell 

basis produce equivalent amounts of TNFα as the resident cells.  There is no 

difference in the total frequency of TNFα+ macrophages from naïve mice (76%) 

and TNFα+ influenza-experienced macrophages (72%) following Pam3CSK4 

stimulation. 

 Intracellular cytokine staining has provided evidence that monocyte derived 

cells are responsible for the increased IL-6 production seen by post-influenza 

macrophages. As we have seen ICCS to be relatively less sensitive than standard 

methods of cytokine detection, we aimed to confirm this data by ELISA 

quantification. Alveolar macrophages from post-influenza mice were sorted based 

on their congenic markers to distinguish recruited- (CD45.1) and resident- (CD45.2) 

derived. As the number of macrophages sorted from these lungs was extremely 

low, multiple mice had to be pooled, and therefore this figure represents technical, 

rather than biological triplicates (Fig 24F). Stimulation of sorted populations from 

post-influenza mice demonstrates that recruited (CD45.1) macrophages produce 

significantly more IL-6 than resident (CD45.2) macrophages isolated from the same 

mouse (Fig 24F), although the production of TNFα is identical between these two 

populations. This confirms the results seen in a mixed population by ICCS (Fig 

24E).  
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 The development of CCR2KO busulfan chimeras has allowed the 

unambiguous identification of origin within the alveolar macrophage population 

post-influenza.  We have determined that cells of a monocyte origin are responsible 

for the increased IL-6 production seen at one month post-influenza. Interestingly, 

monocyte-derived macrophages exhibit a selectively increased expression of IL-6, 

but not TNFα upon TLR stimulation at one month post-influenza (Fig 24F).  

 

To further investigate differences in the “resident” and “recruited” 

macrophage population post-influenza, these cells were sorted and isolated based 

on their congenic markers, and submitted for RNA-sequencing. 

Comparison of un-stimulated “Resident” macrophages isolated from naïve, 

and post-influenza mice (Fig 25A) revealed that only 60 genes were differentially 

expressed (DE) between these two groups, at a cut off of >1.5 fold change (FC), 

with a p-value <0.05. Therefore, influenza infection has not resulted in a significant 

difference in the expression profile of these cells. Strikingly, with the same 

statistical stringency, when recruited alveolar macrophages were compared with 

resident alveolar macrophages from an influenza-experienced lung, 395 genes 

were differentially expressed (Fig 25A and B). Flu-recruited, and Flu-resident 

alveolar macrophages were isolated from the same lung, which has experienced 

the same infection, and are relatively similar in terms of surface expression 

markers, it was therefore striking to observe many transcriptional differences 

between these groups, even at steady state. This demonstrates that origin, but not 

influenza infection, has a significant impact on the expression profile of alveolar 

macrophages (Fig 25A).  
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Pairwise comparisons between samples were performed, at a statistical 

significance of p<0.05 and a FC of 1.5 (Fig 25B). Of the 482 genes that are 

differentially expressed (DE) between PBS-resident and Flu-recruited (Green circle 

– Fig 25B), a large proportion (373) are shared with the gene list obtained from 

comparing Flu-resident vs Flu-recruited (purple circle). This demonstrates that 

many of the differentially expressed genes by Flu-recruited macrophages are 

common to both PBS-resident and Flu-resident cells, and are therefore genes 

indicative of origin. Of the 60 DE genes between PBS resident and Flu resident 

(red circle), 43 are also DE in both other comparisons, indicating that these are 

genes representative of an influenza infection.  

To further investigate the differences between resident and recruited 

alveolar macrophages in a post-influenza lung, gene set enrichment analysis 

(GSEA) was performed (Subramanian et al., 2005). GSEA can identify classes of 

genes within a large list, which represent biological phenotypes. To perform GSEA, 

highly expressed genes within the submitted list are ranked according to a “ranking 

metric” by the program. The ranking score is then compared to a catalogue of 

publicly available curated gene lists, which describe biological phenotypes, such as 

metabolism, origin and cellular response. This will then generate an enrichment 

score (ES), which denotes the extent to which the curated gene list is enriched in a 

ranked set of genes. This is normalised (NES) for variations in sizes of gene lists. If 

a list such as “Cell cycle” is highly enriched in Flu-recruited cells, this will produce a 

high NES, and can be visualised on a GSEA plot, as demonstrated in Fig 25E. 

Following GSEA of these samples, it can be seen that many genes related to “Cell 

cycle” are significantly enriched (Y-axis) in Flu-recruited set (on the left hand side).  

Comparison of the gene lists between Flu-recruited and Flu-resident 

alveolar macrophages revealed the enrichment of many gene lists associated with 

cell cycle (Fig 25C). Of these, the list with the highest NES (Cell cycle) was plotted 

and the 10 genes with the highest rank metric score are shown (Fig 25E). This 

indicates that Flu-recruited cells may be in active cell cycle, i.e. proliferating, at one 

month post-influenza. Conversely, gene lists that were significantly enriched in Flu-

recruited cells include “Metabolism of proteins” (Fig 25D and F) and other lists 

regarding influenza virus itself. The lists “Influenza life cycle” and “Influenza viral 

RNA transcription and replication” contain many overlapping genes, and represent 

genes involved in the modification of RNA (both cellular and viral), such as; IPO5, 
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NUP85, RPL3, RPS27, RPL30, NUP188, RPS27A, RPL0, NUP155, SEH1L, RPL9, 

POLR2I, POLR2C, RPS14 and RPL7. Again, for Flu-resident cells, the GSEA plot 

for the most enriched list is shown, top 10 genes with the highest rank metric score 

are listed (Fig 25F). This may indicate an altered metabolism in resident cells, 

which must be further investigated.  

Already at steady state, major transcriptomic differences are evident 

between an alveolar macrophage derived from a monocyte precursor (recruited), 

compared to a host precursor (resident). To investigate differences in the 

expression profile of these cells following stimulation, RNA-sequencing was 

performed on alveolar macrophages, FACS sorted, and stimulated with 

Pam3CSK4 ex vivo. We did not obtain enough cells from a naïve lung to perform 

RNA-seq on Pam3CSK4 stimulated cells. Initially this was performed on influenza-

experienced alveolar macrophages only (Fig 26). Principal component analysis 

(PCA) can be used to reduce a large number of possible variables between groups 

into vectors, which represent the greatest differences between these groups. In this 

way total variance can be visualised in a limited number of dimensions. The first 

component (PC1) represents the component with the greatest variance (69% 

variance – Fig 26A), which appears to be Pam3CSK4 (Pam) stimulation in this 

instance. The un-stimulated (Mock) samples cluster together on the far left of the 

plot, while Pam3CSK4 (Pam) stimulated samples reside on the right (Fig 26A). The 

second component (PC2) represents 22% of the variance, and samples are most 

separated on this axis relative to their origin. Both naïve and flu-experienced 

“Resident” samples cluster closely together. “Recruited” samples cluster together, 

far from the resident samples.  

Subsequently, all samples were analysed relative to Flu-resident-Mock (1.5 

FC, p>0.05, 2-way ANOVA) and visualised on a heat-map (Fig 26B). In this way, 

genes which were already induced in a Flu-Recruited-Mock sample, and then 

remained induced following Pam3CSK4 stimulation could be visualised (Green 

bracket). It could also be seen that some genes were induced (at varying levels) in 

response to Pam3CSK4 stimulation, but to equivalent extents in both Resident and 

Recruited cells (Blue bracket). Additionally, some genes were induced to a much 

stronger degree in recruited vs resident cells following Pam3CSK4 stimulation 

(Purple bracket).  
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Following this analysis, a list of differentially expressed genes between Flu-

Resident-Pam and Flu-Recruited-Pam was generated (1.5 FC, p>0.05). This 

generated a list of 719 differentially expressed (DE) genes. To investigate how 

many of these genes were related to origin, this list was compared to a list of genes 

differentially expressed between Flu-Resident-Mock and Flu-Recruited-Mock (395 

genes). Any genes expressed by both groups are related to origin, and not 

stimulation. Roughly a third of genes (248) fell into this category (Fig 26C). It would 

be interesting to further interrogate genes related to origin, and compare these to 

expression profiles from monocytes, or other monocyte-derived macrophage 

populations. The remaining 471 genes will correspond to genes induced by 

Pam3CSK4 stimulation.  
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Further analysis of the differentially expressed genes between Flu-Resident-

Pam and Flu-Recruited-Pam alveolar macrophages was performed using GSEA. 

Gene lists that were significantly enriched in Flu-recruited-Pam macrophages 

included a number of immune phenotypes (Fig 26D) (Immune system, Cytokine 

signalling immune system, Innate immune system). Within this top list (Immune 

system), the highest ranked genes included IL1β and IL-6 (Fig 26F). This is in line 

with functional data from these cells. Conversely, genes enriched in resident 

macrophages following stimulation were associated with lists related to lipid 

metabolism (Metabolism of lipids and lipoproteins, Biosynthesis of unsaturated fatty 

acids, cholesterol biosynthesis, fatty acid metabolism) (Fig 26E). The highest 

ranked genes in these lists include ABC proteins (ABCA1, ABCB4), which regulate 

cholesterol efflux, and apoplipoproteins such as Apoe, which are receptors for 

cholesterol (Lafitte et al 2001) (Fig 26G). Additionally, GSEA lists from unstimulated 

macrophages revealed an association with metabolism. Pathways annotated 

“Metabolism of lipids and lipoproteins” (FDR qval = 0.06, NES = -1.9) and “Fatty 

Acyl CoA Biosynthesis” (FDR qval = 0.035, NES = -2) were seen to be enriched in 

Mock Resident macrophages (data not shown).   

 

Monocyte-derived macrophages persist in the lung at two months post-influenza, 

with an altered responsiveness 

To address whether the differentiation of monocytes into alveolar macrophages 

resulted in a persistent population following influenza infection, or whether this was 

just a temporary phenotype – and these cells are eventually replaced by 

embryonically derived “host” alveolar macrophages, mice were infected with 

influenza and the alveolar macrophage population was interrogated at two months 

post-infection.  

An increased frequency and absolute number of alveolar macrophages was 

seen in the lung at one month and two months post-influenza (Fig 27A). No decline 

in the number of macrophages was evident between one and two months. When 

macrophages were isolated and stimulated in vitro, equivalent production of TNFα 

was seen in all groups (Fig 27B). In contrast, alveolar macrophages isolated from 

the lung at two months post-influenza produced significantly less IL-6 than was 

seen at one month. This was consistent across both Pam3CSK4 and LPS 

stimulation (Fig 27B). Despite a significant reduction in the amount of IL-6 
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produced by alveolar macrophages from one month to two months post-influenza, 

this was still significantly higher than a naive macrophage (Fig 27B).  

These data show that at two months, the increased number of alveolar 

macrophages induced by influenza infection persists in the lung. However, there is 

a significant reduction in the production of IL-6 at two months compared to one 

month.   

 To investigate the consequences of reduced IL-6 production by these cells 

in the context of a bacterial infection, mice were challenged with S. pneumoniae at 

two months post-influenza infection. As previously demonstrated (Fig 3), increased 

protection against pneumococcal challenge was seen in mice at one month post-

influenza. No protection to S. pneumoniae was seen at two months post-influenza 

(Fig 27C). Despite an equivalent increased number of macrophages at two months, 

these cells do not retain the same functional differences in cytokine expression as 

seen at one month, which correlates with a lack of protection.  
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As we have shown monocyte-derived cells to be responsible for increased 

IL-6 production post-influenza, an explanation for the lack of IL-6 at two months 

may be the loss of monocyte-derived macrophages. To investigate the origin of 

alveolar macrophage at two months post-influenza, CCR2KO busulfan chimeras 

were used. As seen in a non-chimeric C57BL/6 mouse, the frequency of alveolar 

macrophages increased in these chimeras at one and two months post-influenza 

(Fig 28A). Alveolar macrophages from naïve mice were almost entirely of “host” 

origin at one and two months (Fig 28B), confirming the ability of resident 

macrophages to self-renew with very low input from the bone marrow. Contrary to a 

hypothesised decline in the frequency of monocyte-derived macrophages, a 

significantly higher “donor” contribution was seen in this population at two months 

post-influenza (73%), relative to one month (52%)(Fig 28B). Therefore, the reduced 

production of IL-6 in response to TLR agonists at two months post-influenza cannot 

be attributed to the loss of monocyte-derived macrophages.  

Intracellular cytokine staining of these populations reflected the total protein 

quantification seen by ELISA (Fig 27B). In response to TLR agonists, the total 

population of alveolar macrophages from naïve and post-influenza mice produced 

equivalent total amounts of TNFα. In a naïve mouse, 70% of naïve macrophages 

produced TNFα. At one month post-influenza, 73% of alveolar macrophages 

produced TNFα. At two months post-influenza, 75% of alveolar macrophages 

produced TNFα.  

The amount TNFα produced by resident and recruited populations was also 

measured. At one month, CD45.1 (recruited) macrophages produce 58% of the 

total TNFα. However, these cells also represent a higher proportion of the alveolar 

macrophage population (52%). Therefore, as previously discussed, on a per-cell 

basis, recruited cells do not produce significantly more TNFα than resident cells. 

Similarly, at two months post-influenza, CD45.1 (recruited) macrophages produced 

78% of the total TNFα at 2 months, which was very similar to the chimerism of 

these cells (73%).  

No IL-6 production was detectable by ICCS in naïve (resident) macrophages 

upon Pam3CSK4 stimulation (Fig 28D). Recruited macrophages in post-influenza 

mice exhibited a higher background IL-6 staining. This is likely to be an artefact of 

the intracellular staining, as no IL-6 RNA or protein was detectable by qPCR or 

ELISA in unstimulated macrophages from post-influenza mice. However, in 



Chapter 5. Results 

 

159 

 

reflection of the data obtained by ELISA (Fig 27B), a significant increase in IL-6 

production was seen by recruited (CD45.1) macrophages in response to 

Pam3CSK4 at one month but not two months post-influenza (Fig 28D). A minimal 

induction of IL-6 was seen in CD45.2 macrophages at two months post influenza 

(2%), but this was not significant compared to mock (0.2%).  

 

Taken together, these data show that at one month post influenza, ~50% of 

alveolar macrophages are derived from monocytes. Following TLR stimulation, 

these cells produce selectively increased amounts of IL-6, but not TNFα. At two 

months post-influenza, an even greater fraction of alveolar macrophages are 

monocyte-derived cells, but no longer capable of increased IL-6 production in 

response to TLR agonists. This reduced capacity to produce IL-6 corresponds to a 

loss of protection to pneumococcal infection that is observed at one month post-

influenza.  
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5.4 Conclusions and discussion 

Alveolar macrophages were seen to increase in number at one month post-

influenza, with an increased surface expression of MHCII, CD64 and CD11b on 

these cells (Fig 10). We hypothesised that this may reflect the differentiation of 

monocytes into alveolar macrophages. In a naïve mouse, the alveolar macrophage 

population is founded by precursors that arise in the fetal liver and self-renew, 

maintaining their embryonic lineage throughout the course of adult life with minimal 

monocyte contribution (Guilliams et al., 2013, Hashimoto et al., 2013). However, 

under conditions of severe depletion, such as irradiation or infection, recruited 

monocytes differentiate in order to fill the niche. This has been demonstrated in 

settings of damage and viral infection (Machiels et al., 2017, Misharin et al., 2017), 

but as of yet, results addressing influenza infection have been inconclusive 

(Misharin et al., 2017, Hashimoto et al., 2013, Janssen et al., 2011) and have not 

assessed functional consequences. Many studies observe a reduction of alveolar 

macrophage numbers early in influenza infection (Cardani et al., 2017, Ghoneim et 

al., 2013), with some exceptions (Janssen et al., 2011). The precise cause of 

macrophage disappearance has not been properly addressed. Although alveolar 

macrophages may be infected by influenza, in many cases they do not support 

productive viral replication, and therefore are described as a viral “sink”, by which 

infectious viral particles are removed from the lung (Rodgers and Mims, 1982, van 

Riel et al., 2011, Yu et al., 2011). Alveolar epithelial cells are more susceptible to 

influenza infection following a depletion of alveolar macrophages prior to infection, 

indicating that these cells are important in reducing viral burden (Cardani et al., 

2017). The reduction of alveolar macrophages during influenza appears to be more 

dramatic in some models, and more transient in others (Cardani et al., 2017, 

Janssen et al., 2011). The viral strain and severity of infection may be contributing 

factors to the extent of macrophage depletion.  

 In our model of influenza, alveolar macrophages are severely depleted from 

early (day 3) post-infection, and remain at low levels until the peak of infection (day 

7). At this point numbers rapidly increase over the course of 5 days (day 7-12), and 

then remain stable for up to two months post-infection. We have demonstrated that 

in a WT situation, monocytes replenish the pulmonary niche during influenza and 

differentiate into alveolar macrophages. However, a similar increase in alveolar 
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macrophage numbers is also observed in CCR2KO mice, which lack circulating 

monocytes.  This suggests that macrophages are capable of local proliferation 

following influenza (Hashimoto et al., 2013), or that there is a CCR2 independent 

precursor, which replenishes this population, as with other pulmonary macrophage 

populations (Sabatel et al., 2017). An alternative macrophage progenitor has been 

postulated to arise from a “lung” intermediate (Landsman and Jung, 2007). 

However, these observations were based on cells of identical surface 

characterisation, simply extracted from different pulmonary locations.  

As a monocyte-independent cell is capable of replenishing the alveolar 

macrophage population, this would suggest that; under normal conditions 

monocytes possess a competitive advantage in macrophage repopulation as 

previously described (Merad et al., 2002, Hashimoto et al., 2013). In a similar 

example in the skin, CCR2 dependent monocytes were a major contributor to the 

Langerhans cell population following depletion in the setting of UV irradiation 

(Merad et al., 2002). However, in the absence of these monocytes, equivalent 

repopulation in a CCR2 independent manner was also observed, although with 

slower kinetics.  

The observation of an increased total number of alveolar macrophages in 

both models may imply a biological necessity for increased numbers of alveolar 

macrophages following influenza, regardless of precursor origin. Although the role 

of alveolar macrophages during acute viral infection and clearance is debated, they 

have been shown to be paramount to host recovery. The absence of alveolar 

macrophages during influenza infection predisposes mice to bacterial co-infection 

(Ghoneim et al., 2013).  

Local over-expression of the macrophage differentiation factor GM-CSF 

preserves alveolar macrophage numbers and enhances protection from influenza 

induced mortality, by preventing extensive pulmonary damage (Halstead et al., 

2018, Sever-Chroneos et al., 2011, Huang et al., 2011). Therefore, the rapid 

replacement of this population seen in our model from day 7-day 12 post-influenza 

infection may be reflective of their necessity to recover damage, begin repair and 

prevent subsequent infections. 

 Previous attempts by other groups to label resident cells have included the 

use of a dye. PKH26 has been used to stably mark alveolar macrophages for an 

extended period in the lung, and thus to discriminate resident from recruited cells 
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(Ghoneim et al., 2013, Murphy et al., 2008). Although we have seen the stable and 

specific presence of this dye in alveolar macrophages up to one month post-

administration, complications may be encountered during infection. The effect of 

signal dilution following extensive local proliferation by alveolar macrophages has 

not been reported. Thus if alveolar macrophages were to replenish the niche, the 

dilution of the dye may not faithfully distinguish resident from recruited cells. 

Additionally, we have seen that during influenza infection, PKH26+ cells include 

CD11b+ recruited monocytes. These incoming cells may acquire the dye, possibly 

due to the longevity of this substance in the airways. This has not been addressed 

by previous studies using this dye (Ghoneim et al., 2013, Murphy et al., 2008). 

Further optimisation may allow use of this dye without these complications, but was 

not performed.  

To reliably address the relative contributions of resident vs recruited cells, 

we have developed a genetic lineage tracing system. Irradiation chimeras are 

unsuitable for this purpose, due to the ultimate replacement of alveolar 

macrophages by bone marrow derived cells. Although shielding the upper thorax 

during irradiation can preserve the host identity of certain macrophage populations 

(Jenkins et al., 2011, Murphy et al., 2008), we were not able to perform this 

technique within our facilities. Instead we used a myeloablative drug that preserves 

the host identity of alveolar macrophages but allows for the engraftment of 

congenically marked donor bone marrow. Using this system, we were able to 

identify a significant input of bone marrow-derived cells to the alveolar macrophage 

population at one month post-influenza. Due to the incomplete replacement of the 

bone marrow with donor cells, we were not able to quantify the exact number of 

resident vs recruited macrophages in these chimeras. However, the use of 

congenic CCR2KO bone marrow to reconstitute CD45.1 C57BL/6 mice allowed us 

to determine that monocyte contribution to the alveolar macrophage population 

post-influenza was CCR2 dependent.  

Using this knowledge, a further chimera was developed in which the precise 

contribution of monocytes could be evaluated. The use of CCR2KO mice as hosts 

for busulfan chimeras allows a complete donor population of blood monocytes, 

ensuring resident macrophages could be faithfully separated from recruited 

macrophages by congenic markers. Although we have described the increased 

expression of MHCII, CD64 and CD11b, and the relatively decreased expression of 
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Siglec F, these are by no means discriminatory markers and the two populations 

cannot be separated based on the surface expression using current markers. This 

is in contrast to other organs, where monocyte derived macrophages express 

quantitatively lower levels of F4/80 in the peritoneum (Jenkins et al., 2011, Bain et 

al., 2016), CXC3R1 in the heart (Molawi et al., 2014), Langerin in the skin (Seré et 

al., 2012) and Tim4 in the gut (Shaw et al., 2018). Indeed, the RNA-sequencing 

from recruited vs resident alveolar macrophages post-influenza may provide 

surface markers, which can be used to discriminate these populations in a wild-

type animal.  

 

Although the use of CCR2KO mice has provided an insight into the 

contribution of monocytes to the post-influenza macrophage population, this mouse 

is not an ideal model for the study of infection. Concerns may be raised about the 

differences in genotype between a resident and recruited macrophage in the 

busulfan CCR2 chimeric setting. Resident macrophages will be CCR2 deficient, 

whereas recruited macrophages will be CCR2 competent. This may contribute to 

differences seen in the expression profiling of these cells. Indeed, the inherent 

absence of CCR2 has been shown to affect the differentiation preference of T-cells 

(Bakos et al., 2017). The role of CCR2 in signal transduction has not been studied 

in alveolar macrophages. However, macrophages and monocytes in the lung 

express very low levels of CCR2 relative to blood monocytes, and the lack of CCR2 

does not affect the transcriptomic profile of lung monocytes (Sabatel et al., 2017).  

 

 As we had observed that alveolar macrophages were comprised of ~50% 

monocytes, in a chimera where we achieved a ~70% replacement of circulating 

monocytes, we expected to see a significantly higher proportion of monocyte-

derived macrophages following a complete replacement of circulating monocytes. 

However, even when donor-derived cells account for ~95% of circulating 

monocytes, the chimerism of alveolar macrophages did not significantly increase. 

The frequency of monocyte-derived macrophages post-influenza is corroborated by 

another study in which Busulfan was combined with shielded irradiation in a 

C57BL/6 host to preserve host identity of alveolar macrophages, while entirely 

replacing circulating monocytes (Misharin et al., 2017). In this model, the frequency 

of monocyte-derived macrophages was also seen to be ~50% at 10 months post-



Chapter 5. Results 

 

165 

 

influenza. In both of these models, we have provided an unambiguous 

discrimination of origin, by achieving complete replacement of monocytes, while 

maintaining a complete host identity of macrophages. Other studies, in which an 

incomplete replacement of monocytes is achieved, have made assumptions of 

macrophage chimerism based on the monocyte chimerism (Machiels et al., 2017). 

Based on our data, this would result in an overestimation of the frequency of 

monocyte-derived macrophages. If we were to normalise monocyte-derived 

macrophages (55%) to the replacement of blood lung monocytes (63%), we would 

estimate the contribution to be ~87%, much higher than observed in the CCR2KO 

busulfan chimeras.  

Monocyte-derived macrophages are observed for up to two months post-

influenza. However, their phenotype is markedly different at one month, compared 

to two months post-infection. This may reflect a slow differentiation process of 

these cells. Indeed in the liver, despite many transcriptional similarities between 

embryonic and monocyte-derived Kupffer cells at early time points post-

replacement, an incomplete expression of Tim4 on monocyte-derived cells may 

indicate a prolonged differentiation period (Scott et al., 2016). The exact 

specification of “complete” differentiation may be hard to define. In the liver, 

monocyte-derived Kupffer cells acquire the “embryonic” ability to self renew after 

two weeks of tissue engraftment (Scott et al., 2016). We have not assessed this 

ability in our model. Similar to our observations in this model, in the peritoneal 

cavity, monocyte-derived macrophages are identified to have a higher proliferative 

capacity (Bain et al., 2016). Proliferation could be compared in resident vs recruited 

populations with the use of markers such as Ki67, or BrdU. Additionally, the levels 

of transcription factors such as cmaf/mafb are good indications of proliferative 

capacity of these cells (Soucie et al., 2016). 

Alveolar macrophages are a cell type highly specialised in lipid metabolism. 

This characteristic feature is essential to clear surfactant produced by alveolar 

epithelial cells, during normal homeostasis. A lack of lipid metabolism by alveolar 

macrophages results in the build up of surfactant, which effects efficient gas 

exchange and leads to the development of PAP (Schneider et al., 2014b). 

Therefore, an enrichment of metabolism pathways in host-derived “resident” 

macrophages post-influenza may be unsurprising (Fig 26). However, the 

contribution of metabolism to macrophage function is yet to be assessed in this 
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model. The general importance, and influence, of metabolism in macrophage 

activation and polarisation is becoming more prominently recognised. Fatty acid 

oxidation is required for the alternative activation of macrophages, and enhanced 

by the expression of the surface receptor CD36 (Huang et al., 2014). Our RNA-

sequencing data revealed increased levels of CD36 in Flu-resident macrophages 

relative to Flu-recruited macrophages (Data not shown). The metabolic state of 

lung macrophages was recently investigated in a model of Mycobacterium 

tuberculosis(Huang et al., 2018). Fatty acid oxidation by alveolar macrophages 

creates a permissive niche, which is favoured by Mtb for infection (Huang et al., 

2014, Huang et al., 2018). In this model, interstitial macrophages were seen to be 

glycolytic, which was important for production of pro-inflammatory cytokines, and 

contributed to protection. The disparity in metabolism between these two cell types 

of different origins may be similar to the phenomenon seen in our cells post-

influenza. A disparate metabolism between these cells may reflect differences in 

their inflammatory response and function, and should be further investigated.  

Although a ~60:40 ratio of recruited:resident cells is seen at one month 

post-influenza, the kinetics of this replacement require investigation. We have seen 

a rapid repopulation of the macrophage gate from d7-d12 post-influenza. Several 

possibilities may account for this. Initially, this population may be comprised of a 

high number of inflammatory (Ly6Chi) monocytes, a fraction of which is sustained, 

and a proportion of which is replaced by proliferation of local resident macrophages. 

Alternatively, a few monocyte “progenitors” may seed the population and proliferate 

at a similar rate to the resident macrophages, establishing the ~60:40 ratio from the 

outset. The observed kinetics of monocyte/macrophage frequencies during 

infection appear to be more representative of the second hypotheses. The high 

numbers of Ly6C+ monocytes seen during influenza infection are largely reduced 

before alveolar macrophage numbers begin to increase, with a period (d6, d7 post-

influenza) at which neither of these cells are seen in high numbers (Fig 19). It is 

possible that the gates imposed on these cells exclude intermediate populations, 

and are not suitable for bonafide characterisation of these cells. On the ungated 

population, it can be seen that a fraction of the CD64+ monocytes gain Siglec F 

expression over the course of infection (Fig 19D), supporting the notion that a small 

subset of monocytes may differentiate and proliferate.    
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If monocyte and embryonic-derived macrophages expand in the same 

environment, this raises some interesting questions about their phenotype. Very 

few transcriptional differences are seen in resident macrophage isolated from a 

naïve, or post-influenza lung. Conversely, significant transcriptional and functional 

differences are seen relative to origin in the population of macrophages at one 

month post-influenza. Monocyte derived macrophages produce significantly more 

IL-6 that resident macrophages. Whether this is a consequence of their lineage, or 

a phenotype induced by the inflammatory setting in which they differentiate has yet 

to be determined. Cytokines such as IFNγ have been shown to prime secondary 

genes in macrophages, such as IL-6, for increased and prolonged expression 

following a TLR-stimulation, an observation similar to our own (Qiao et al., 2013).  

Although IFNγ is not the predominant cytokine during influenza infection, 

this, or another cytokine, may influence the chromatin landscape of monocytes as 

they differentiate into alveolar macrophages. The administration of anti- IFNγ at the 

time points of macrophage repopulation may be useful to study the role of this 

cytokine. Alternatively, IFNγR deficient bone marrow could be used in the busulfan 

chimeric system, so that the only monocyte-derived macrophages recruited during 

influenza, and not resident cells would be insensitive to priming. As we have 

observed that resident macrophages post-influenza are remarkably transcriptionally 

similar to naïve resident macrophages, it would be interesting to investigate why a 

cytokine does not exert the same changes in macrophages of different origin.  

The cytokines which display altered responsiveness in monocyte-derived 

macrophages have been characterised as secondary response genes. The 

expression of these genes can be heavily influenced by chromatin modifications. 

Therefore, differences in the epigenetic landscape of monocyte-derived 

macrophages may be responsible for the increased expression of these genes. 

Chromatin modifications may be “imprinted” by inflammatory stimuli (Qiao et al., 

2013, Ostuni et al., 2013) during influenza infection, but may also reflect lineage. 

Enhancers are deposited during haematopoiesis, and define lineage specification 

of myeloid cells (Lara-Astiaso et al., 2014). Although this has been well studied at 

sites that influence macrophage identity (Lavin et al., 2014, Lara-Astiaso et al., 

2014), it may also occur at inflammatory genes.    
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Therefore, the specific responsiveness to TLR-ligands in monocyte vs 

embryonic derived macrophages may simply reflect the origin of these cells, and an 

as yet “incomplete” differentiation into the chromatin landscape of alveolar 

macrophages proper. This hypothesis is supported by the observation that 

monocyte-derived macrophages do not retain the phenotype at two months post-

influenza. Chromatin accessibility at these genes could be investigated by ChIP-

seq for markers of enhancers such as H3K4me1 and H3K27ac. The influence of 

the local environment and lineage-specific transcription factors at the regulatory 

sites of these genes would be interesting to investigate.  

 

CCR2KO mice have proved to be a useful model to elucidate the 

contribution of monocyte-derived macrophages post-influenza. However, the 

absence of this inflammatory cell type may influence the progression of either the 

viral or bacterial infection. Indeed, naïve CCR2KO mice are seen to be less 

susceptible to S. pneumoniae infection than naïve BL/6 mice (Fig 21C). This may 

be more relevant in bacterial compared to viral infection, as no significant 

difference in weight loss is seen between CCR2KO and BL/6 mice during influenza 

infection (data not shown). Furthermore, the use of CCR2KO mice as hosts for 

busulfan chimeras has demonstrated that the differentiation of CD45.1 BL/6 

monocytes during influenza infection in these mice are functionally identical to 

those seen in the C57BL/6 setting. 

In accordance with previous reports, CCR2KO mice retain a reduced, but 

not absent population of circulating monocytes (Serbina and Pamer, 2006). Even a 

minor contribution by monocyte-derived cells has the potential to confound the 

results seen in these animals. Influenza-experienced CCR2KO macrophages are 

less competent at IL-6 production than BL/6 macrophages, but this is not 

completely reduced to the levels of a naïve macrophage. It cannot be excluded that 

the remaining production of IL-6 in the lungs of CCR2KO mice is a result of 

monocyte-derived alveolar macrophages. 

The lack of protection against S. pneumoniae at two months post-infection 

further supports the observation that increased macrophage number is not solely 

responsible for increased bacterial protection. This was also demonstrated in the 

model of adoptive transfer (Fig 10) and CCR2KO mice (Fig 20). In all three of these 

situations, a mere increase in macrophage number cannot confer protection. 
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Indeed a functional change in the macrophage population, dependent on a 

monocyte contribution, is central to survival during S. pneumoniae. A selective 

increase of IL-6 production correlates with protection in all three of these examples.
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Chapter 6. The altered lung responsiveness to S. 
pneumoniae at one month post-influenza 

6.1 Introduction: 

The immune response to S. pneumoniae infection is defined by number of 

factors; including the strain, dose, volume and route of administration of the 

bacterium itself, as well as host genetic factors and sex. Therefore the 

determinants of protection will be dependent on the experimental context. This has 

resulted in the lack of consensus in the definition of a “protective” response. 

Inflammatory mediators commonly associated with pneumococcal infection have 

been implicated in survival, but also susceptibility. For example, although neutrophil 

recruitment during S. pneumoniae infection is associated with survival in a number 

of scenarios (Didierlaurent et al., 2008, Gingles et al., 2001), increased mortality as 

a result of an “exaggerated immune response” including neutrophilia has also been 

reported (Kadioglu et al., 2011, Dallaire et al., 2001). 

Causality and correlation must be carefully separated when assessing the 

role of neutrophil recruitment in bacterial infection. Sustained bacterial loads in the 

lung will inevitably lead to neutrophil recruitment. Therefore, a neutrophil influx in 

these situations is associated with a detrimental host outcome, although the 

recruitment of these cells is a result of severe bacterial infection, and not causation. 

In a model of influenza-S. pneumoniae co-infection, high neutrophil numbers were 

seen in mice which succumbed to infection. However, neutrophil depletion in these 

mice exacerbated the infection, demonstrating an overall protective role of these 

cells (Ellis et al., 2015). Equally, an unnecessary neutrophil recruitment may induce 

bystander damage, and facilitate bacterial infection.  

Mouse strains that are more resistant to S. pneumoniae infection have also 

been shown to produce higher levels of TNFα during infection, correlating the 

importance of this cytokine with protection (Kerr, 2002). However, this is not a 

universal effect, and protection is dependent on the severity of infection (Kirby et al., 

2005). A non-lethal challenge renders TNFα dispensable for protection, but an 

invasive pneumococcal serotype will incur higher bacterial loads and mortality in 

the absence of TNFα (Kirby et al., 2005, Takashima et al., 1997). Similarly, the 
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blockade of TNFα during influenza-S. pneumoniae co-infection significantly 

increases host mortality, although the same blockade in the single S. pneumoniae 

infection is not so dramatic (Ellis et al., 2015).  

IL-6 is another cytokine implicated in survival to bacterial challenge (Xing et 

al., 1998, van der Poll et al., 1997), potentially by regulating inflammatory 

mediators, which may contribute to immunopathology. Mice are more susceptible 

to pneumococcal pneumonia in the absence of IL-6, and this is associated with 

higher bacterial loads, and higher production of TNFα (van der Poll et al., 1997). 

The precise mechanism of action by which TNFα, or IL-6 contribute in bacterial 

infection is not clear, and may differ depending on the context of infection.  

 

Initiation of the immune response to S. pneumoniae must be sufficient to 

clear the bacteria without inducing immunopathology (Kadioglu et al., 2011, Maus 

et al., 2004). As has already been described, alveolar macrophages are pivotal in 

the initial response to S. pneumoniae, through directly phagocytosing bacteria, but 

also in the recruitment of other phagocytes, such as neutrophils, should be 

bacterial inoculum be large ((Knapp et al., 2003, Dockrell et al., 2001).  

 

Therefore, we aimed to investigate the mechanisms of protection against S. 

pneumoniae in influenza-experienced mice, including the role of IL-6 as well as 

other inflammatory mediators. Additionally we wished to address the contribution of 

immune cells, such as neutrophils.  

 

6.2 Aims: 

To investigate the immune response to Streptococcus pneumoniae in susceptible 

(naïve) and resistant (post-influenza) mice at early and late time points, to identify 

the mechanism of protection induced by IL-6, and potentially other factors which 

may  contribute to protection 
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6.3 Results 

Increased IL-6 in response to Streptococcus pneumoniae in vitro and in vivo 

To confirm previous observations with TLR-agonists, cytokine production by 

alveolar macrophages was measured in response to Streptococcus pneumoniae. 

Alveolar macrophages isolated from naïve and post-influenza lungs were 

stimulated in vitro with heat-killed S. pneumoniae. Treatment with live bacteria was 

not appropriate for a longer stimulation, as bacterial replication and macrophage 

death may confound comparisons between samples.  

High amounts of heat-treated bacteria (1x108/ml) were required to induce a 

cytokine response, and the amount of TNFα and IL-6 elicited by this stimulus was 

significantly lower than TLR stimulation (Fig 29A). Alveolar macrophages post-

influenza produced much higher quantities of IL-6, but relatively similar amounts of 

TNFα following in response to S. pneumoniae, paralleling their response to TLR 

TLR agonists (Fig 29A). 

To measure cytokine production by alveolar macrophages in vivo, mice 

were infected with S. pneumoniae and BAL was harvested 6 hours later, prior to 

the recruitment of other immune cells. Influenza experienced mice produced 

significantly higher amounts of IL-6 at this time point, whereas very low levels of 

TNFα were observed, with no significant difference between groups (Fig 29B).  

Therefore, both in vitro and in vivo, Streptococcus pneumoniae infection 

induces increased IL-6 but not TNFα production by alveolar macrophages post-

influenza.  

 

The immune response to pneumococcal infection in influenza-experienced mice  

To assess qualitative differences in the global immune response to S. 

pneumoniae in naïve and influenza experienced mice, cytokines were profiled in 

the airways. Focus was given to early time points post bacterial infection, as this 

will be reflective of lung-resident cells, particularly alveolar macrophages, which we 

have shown are responsible for protection against S. pneumoniae infection (Fig 11). 

The majority of mice (both naïve and influenza experienced) succumb to 

pneumococcal infection at 48 hours, and therefore the immune response preceding 

death (up to 24 hours) was assessed. Of the 36 cytokines profiled by multiplex, 

only 10 were detectable above a threshold of 20pg/ml and are shown in Figure 30.   
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As the standard deviation from these cohorts is large, only arithmetic means 

are displayed in Fig 30. 

The cytokine induction in naïve mice across the infection was low, and the 

majority of cytokines were induced to greater extent in the influenza-experienced 

mice. Three distinct kinetics of cytokine production were observed, grouped in 

Figure 30A, B and C.  

A subset of cytokines were produced to significantly higher levels in 

influenza-experienced mice at later time points (24 hours post-S. pneumoniae 

infection) (Fig 30A). These included MCP-1, MCP-3, CXCL10 and CXCL5. Notably, 

CXCL5 was significantly higher in influenza-experienced mice compared to naïve 

mice, prior to bacterial infection. Another subset of cytokines exhibited peak 

induction in post-influenza mice at 6 hours (Fig 30B). The increase in IL-6 and 

CXCL1 in post-influenza mice was substantially higher than the induction of CXCL2 

(<50pg/ml). 

The early cytokine response to S. pneumoniae infection is at a peak in naïve 

mice at 4 hours, and in influenza-infected mice at 6 hours. However, the maximal 

induction of any cytokine in naïve mice remains low (<150pg/ml) compared to 

influenza-experienced mice. Increased TNFα production was seen by naïve mice at 

both 4 and 8 hours post-infection (Fig 30B). The amounts of TNFα  observed were 

relatively small (<80pg/ml), but may be significant. There may be a reciprocal 

relationship between IL-6 and TNFα production in pneumococcal infection, as in IL-

6-/- mice, increased TNFα was seen (van der Poll et al., 1997). Indeed, in this 

model, mice with high levels of IL-6 have lower levels of TNFα, and vice versa.  

The production of IL-10 and RANTES did not change (with the exception of 6 

hours) over the course of infection and was not different in either of the cohorts (Fig 

30C).  

To further understand a cytokine response that may correspond to 

protection in influenza-experienced mice, the expression of each cytokine was 

tabulated according to the maximal amount (Fig 30D) and the fold increase relative 

to the uninfected (Mock) group (Fig 30E). The cytokines with the highest 

concentration during S. pneumoniae infection were IL-6 and CXCL5, both with 

protein levels of ~1400pg/ml. For IL-6, this was 6 hours post S. pneumoniae 

infection (i.e. early) and for CXCL5 this was 24 hours post S. pneumoniae infection 

(i.e. late). As CXCL5 was already high (compared to naïve mice) in uninfected 
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controls, the fold change was relatively low, compared to the high fold increase 

relative to the mock for IL-6 (Fig 30E). IP-10 (CXCL10) was also seen to have a 

strong, and late maximal induction, with a high (150x) increase relative to the mice 

not infected with S. pneumoniae.  

The increased induction of MCP-1 and MCP-3 (monocyte chemoattractant 

protein 1 and 3) in influenza-experienced mice was concurrent with an increased 

chemotaxis of neutrophils and inflammatory (Ly6Chi) monocytes to the airways at 

24 hours post-S. pneumoniae infection (Fig 31). MCP-1 binds to CCR2, and is 

therefore classically ascribed functions in monocyte recruitment. However, MCP-1 

has been demonstrated to be a neutrophil chemoattractant, although not as 

potently as CXCL1 (Balamayooran et al., 2011).  

Neutrophil recruitment was already evident in the BAL at very early 

timepoints post-S. pneumoniae infection in influenza-experienced mice. At 4 hours, 

influenza-experienced mice exhibit significantly higher frequencies of neutrophils in 

the BAL compared to naïve mice (Fig 31B). This is also apparent at 8 hours, 

accompanied by the recruitment of inflammatory (Ly6Chi) monocytes in post-

influenza mice. This may be a result of an already increased CXCL5 production in 

post-influenza mice. However, CXCL5 production is at higher levels in the BAL of 

influenza-experienced mice prior to S. pneumoniae infection (Fig 30A), and these 

mice do not exhibit a basal increase in neutrophil numbers  (Fig 31B).  

Recruitment of inflammatory cells in the broncho-alveolar lavage fluid is still 

low in naïve mice at 24 hours (Fig 31B), although neutrophils are apparent in the 

lung (Fig 31A). At later timepoints, when mice begin to die (48 hours), neutrophilia 

and high numbers of inflammatory (Ly6Chi) monocytes are seen in the lungs of 

naïve mice, but to a lesser extent in influenza experienced mice. Therefore, 

increased and early recruitment of neutrophils is associated with survival, but high 

neutrophil numbers are present in mice that succumb to infection.  

 

Alveolar macrophage numbers do not change in the lungs of naïve mice 

during the course of infection, but a reduction of alveolar macrophages in influenza-

infected mice is seen from 8-48 hours post-S. pneumoniae infection (Fig 31A). 
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The local and systemic bacterial load following S. pneumoniae infection 
In this model we have seen an early and increased recruitment of 

inflammatory cells to correlate with protection against S. pneumoniae. To 

investigate the kinetics of bacterial loads, colony forming units (CFUs) were 

assessed in whole lung at various timepoints post-bacterial infection in naïve and 

influenza experienced mice. Mice that were terminated at their clinical endpoint 

during S. pneumoniae infection had high bacterial loads in their lungs (Fig 3E). 

Surprisingly, a considerable frequency of influenza-experienced mice had high 

bacterial loads in the lung at 48 hours post-infection, despite their low mortality. 

This was not significantly different to the bacterial loads in the lungs of naïve mice 

at 48 hours(Fig 32A).  

However, naïve and post-influenza mice displayed noticeable different 

kinetics of bacterial progression (Fig 32B). Although a fraction of naïve mice 

retained high CFUs, which increased over the course of infection (Fig 32A), the 

total number of naïve mice with detectable (>50) CFUs in the lung sharply 

decreased from the time of inoculation to 24 hours (Fig 32B). At 8 and 24 hours, 

influenza-experienced mice tolerated significantly higher bacterial loads. At 24 

hours post-infection, only 20% of naïve mice had detectable CFUs in their lungs, 

which then progressively increased to 50% by 48 hours i.e. when mortality begins 

(Fig 32B). In contrast, the kinetics of bacterial load were distinct in influenza-

experienced mice. The proportion of mice with detectable CFUs slowly, but 

progressively declined across the course of infection (Fig 32B). Thus it appears 

that the high bacterial loads sustained by influenza-experienced mice does not 

incur mortality in these animals.  

To confirm this was a true biological distinction between the groups of mice, 

and that experimental procedures were not confounding the retrieval of bacteria 

from whole lung, parameters potentially affecting bacterial viability were examined.  

Bacterial loads were determined by plating a frozen fraction of whole lung, 

processed into a single cell suspension (See materials and methods). To ensure 

the freezing process did not affect the recovery of viable bacteria, or that a lower 

amount of bacteria would be more susceptible to death during the freezing process, 

bacterial loads were determined from fresh samples compared to the standard 

freezing protocol, and the standard freezing protocol with the addition of glycerol to 
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potentially preserve bacteria. No difference in the bacterial loads was seen in 

samples from 4 different mice (Fig 32C), across a range of bacterial concentrations. 

In order to quantify cytokine production, a subset of mice taken for bacterial 

loads had also been subjected to broncho-alveolar lavage prior to harvest of the 

lungs. As bacteria may be present in the airways, it is possible that this procedure 

could reduce the total number seen in whole lung. Although samples cannot be 

directly compared, no difference was visible in the recovery of lung CFUs of mice 

across a range of experiments and bacterial loads (Fig 32D).  

These data show that protection against S. pneumoniae in influenza-

experienced mice is associated with an early and increased neutrophil recruitment 

compared to naïve mice. However, influenza-experienced mice that ultimately 

survive the infection carry high bacterial loads at the time point when susceptible 

mice succumb. The relationship between bacterial loads, cytokine production and 

immune cell recruitment must still be clarified to understand the cause of protection.  

 

To assess bacterial dissemination, CFUs were measured in the spleen and 

blood of S. pneumoniae infected mice. Bacteria were first detectable in the spleen 

at 36 hours post-infection (Fig 33A). At this time, 38% of naïve mice contained 

bacterial loads in the spleen, compared to only 25% of influenza-infected mice, 

although the bacterial loads were not significantly different. At 48 hours, 50% of 

naïve mice had bacterial loads in the blood, compared to 30% of post-influenza 

mice (Fig 33B). Therefore, greater bacterial dissemination was seen in naïve, 

compared to influenza-experienced mice.  

.   
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Other potential mechanisms which contribute to survival 

Although we have observed the importance of IL-6 in protection against S. 

pneumoniae, there may be other factors that promote a protection phenotype at 

one month post-influenza. Another cytokine of interest is CXCL5. Increased levels 

of CXCL5 are observed in the broncho-alveolar lavage fluid of mice at one month 

post-influenza (~491 pg/ml) compared to naïve mice (~129 pg/ml) (Fig 34A). 

CXCL5 is also known as ENA-78 (Epithelial-derived neutrophil-activating peptide 

78) or LIX. CXCL5 is a ligand for CXCR2, and therefore is a potent activator of 

neutrophil chemotaxis. Although other studies have reported the epithelium to be 

solely responsible for CXCL5 production (Mei et al., 2012, Jeyaseelan et al., 2005, 

Mei et al., 2010), we observed the production of this cytokine by alveolar 

macrophages following TLR stimulation, although this was not significantly different 

in naïve vs post-influenza mice (Fig 15). The increased levels of CXCL5 in the BAL 

of mice following influenza mirror the return of alveolar macrophages post-infection 

(Fig 34B). Although this may be purely correlative, it would be interesting to 

speculate that CXCL5 induction is dependent on alveolar macrophages, or alveolar 

macrophages are dependent on CXCL5. Additionally, the increase in CXCL5 post-

influenza is associated with monocyte-derived macrophages, as the same 

induction of this cytokine is not observed in CCR2KO mice post-influenza (Fig 34C).  

 Matrix metalloproteinases (MMPs), such as MMP8, have been described to 

cleave CXCL5 into a shorter form, which is a more potent chemoattractant to 

neutrophils (Tester et al., 2007). RNA-seq data of recruited and resident 

macrophages post-influenza revealed recruited macrophages to possess a high 

TPM (Transcript per million) of MMP8 (Fig 34E). The induction of MMP8 was the 

most striking in recruited macrophages, compared to other MMPs present in the 

RNA-seq data (Fig 34E), although MMP14 is also increased (Fig 34E). Recruited 

macrophages may be responsible for CXCL5 production, or contribute to the 

induction or potency of this cytokine in epithelial cells, which induces an earlier and 

increased recruitment of neutrophils in S. pneumoniae infection. To test the 

importance of CXCL5, a blocking antibody was administered to influenza-

experienced mice (Fig 34F). Preliminary experiments showed that inhibition of 

CXCL5 slightly reduced the protection of post-influenza mice to S. pneumoniae 

infection.  
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The antibody used for the detection of CXCL5 protein (Luminex) recognises a 

central portion of CXCL5, common to both the full length and cleaved form, so  this 

could not be distinguished in this assay. 
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6.4 Conclusions and discussion 

Influenza-experienced mice exhibit significant differences to naïve mice, in 

terms of the immune response to influenza infection. The production of cytokines, 

immune cell recruitment and bacterial load all display altered kinetics and 

magnitude. The high susceptibility of naïve mice to S. pneumoniae, was not 

reflected in their pulmonary bacterial loads. At a time-point (48 hours post-S. 

pneumoniae infection), when naïve mice succumb to bacterial infection, but post-

influenza mice do not, no difference in the bacterial burden in the lung was 

observed (Fig 32A). The actual determinant of mortality may therefore not be local 

bacterial loads, but rather pneumococcal dissemination. A higher frequency of 

naïve mice contain systemic bacterial loads, but further work needs to be done to 

correlate these data with mortality.  However, what prevents the outgrowth and 

systemic dissemination of this bacterium in post-influenza mice, are yet to be 

investigated. 

Although at 48 hours, equivalent bacterial loads were observed between the 

two groups, the kinetics of bacterial progression was visibly different. Despite an 

early reduction in lung CFUs, naive mice suffered from a rapid, and uncontrolled 

increase in the bacterial burden at 24 hours. In contrast, influenza experienced 

mice display a gradual decline in bacterial loads. The ability of influenza-

experienced mice to withstand high bacterial loads, without succumbing to infection, 

can be classified as tolerance.  

Tolerance is a host defense strategy, which unlike resistance, is not active 

in pathogen clearance, but rather reduces the negative impact inflicted on the host 

fitness (Medzhitov et al., 2012). “Tolerance genes” were identified in fruit flies, as 

increasing the resistance of the animal to infection with Listeria monocytogenes 

infection, without affecting bacterial loads (Ayres et al., 2008). Additionally fruit flies 

exhibit a tolerance mechanism in response to Salmonella typhimurium whereby 

bacteria are sequestered, but not actively killed, by phagocytic cells to reduce their 

potential to initiate inflammation (Shinzawa et al., 2009).  

The concept of tolerance in vertebrate immune cells is demonstrated 

following repeated exposure to bacterial stimuli. Endotoxin tolerance is a clinically 

relevant example, in which macrophages become transiently unresponsive to the 

bacterial ligand LPS. However, the phenomenon of tolerance is more complicated 
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than an ignorant immune response to the pathogen, and is indeed an active 

process, which may contribute to host survival by restricting host immunopathology. 

This has been demonstrated in an in vitro model of endotoxin tolerance (Foster et 

al., 2007). Following repeated exposure to LPS, the expression of multiple pro-

inflammatory genes (IL-6, IL1b) in macrophages was restricted, to prevent 

excessive inflammation. However, the induction of anti-microbial genes (Cnlp, 

Lcn2) was enhanced, relative to increased accessibility at the promoter of the 

genes (Foster et al., 2007). This distinct response in vivo could contribute to a 

tempered response to pathogens, which is beneficial to the host in aiding clearance, 

while avoiding inflammation. This could be investigated by transcriptomics in 

monocyte-derived macrophages post-influenza.  

 

We have not directly investigated in vivo the response of alveolar 

macrophages to S. pneumoniae. It can be observed that alveolar macrophages 

gradually decrease during pneumococcal infection of influenza-experienced mice, 

concurrent with the decline in bacterial loads. This may reflect macrophage 

apoptosis, following phagocytosis, which is associated with bacterial killing 

(Dockrell et al., 2001). This could be further investigated by isolating alveolar 

macrophages during pneumococcal infection, and analysing expression of 

apoptotic markers, such as Annexin V. 

Additionally, alveolar macrophages may contribute to protection indirectly, 

by inducing the recruitment of neutrophils during pneumococcal infection. An early, 

and increased influx of neutrophils is observed in post-influenza mice, possibly due 

to the early and increased expression of CXCL1 and CXCL5. CXCL1 and CXCL5 

belong to the ELR (Glutamic acid-leucine-arginine)+ CXC family of ligands which 

engage the chemokine receptor CXCR2, thus promoting neutrophil recruitment 

(Eash et al., 2010). Absence of CXCL5 results in the detainment of neutrophils in 

the bone marrow, and lack of neutrophil recruitment to the airways following LPS 

inhalation (Mei et al., 2012, Gibbs et al., 2014, Jeyaseelan et al., 2004). Although 

the peak of CXCL5 induction in response to S. pneumoniae was at 24 hours post-

infection, levels of this cytokine in the BAL were already significantly higher in 

influenza-experienced mice (~300pg/ml) compared to naïve mice (100pg/ml) prior 

to bacterial infection. Although this did not affect the number of neutrophils in the 
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airways in the absence of bacterial infection, it may contribute to the earlier and 

increased neutrophil chemotaxis following S. pneumoniae.  

Alveolar epithelial cells have been described to be the sole source of 

CXCL5 in the lung during bacterial infection (Mei et al., 2012, Gibbs et al., 2014) 

(Traber et al., 2015, Yamamoto et al., 2014). Although alveolar macrophages were 

capable of CXCL5 induction following TLR stimulation ex vivo (Fig 15), there were 

no differences in the amount of CXCL5 produced by naïve, or post-influenza 

macrophages.  Additionally, there was no difference in the production of CXCL5 at 

baseline during the ex vivo analysis of these cells. The source of increased CXCL5 

in the BAL at one month post-influenza has yet to be defined. Although alveolar 

macrophages may not be responsible for the production of this cytokine, they may 

contribute to its efficacy in neutrophil recruitment. Monocyte-derived alveolar 

macrophages have high transcripts of MMP8 (Fig 34), which has been described to 

cleave CXCL5 to increase its potency as a neutrophil chemoattractant (Tester et al., 

2007). MMP8 in particular, can significantly increase the chemotactic potential of 

CXCL5, and is relevant in neutrophil migration in response to LPS (Lin et al., 2007). 

In the RNA-sequencing data of resident vs recruited macrophages, we observe 

MMP8 to be exclusively expressed to high levels by monocyte-derived 

macrophages (Fig 32). This may indicate that recruited macrophages can 

additionally enhance the inflammatory response to S. pneumoniae by processing 

CXCL5 into a potent neutrophil attractant, which is responsible for the increased 

recruitment of these cells in a post-influenza mouse. Preliminary experiments have 

demonstrated that blocking CXCL5 during pneumococcal infection of influenza 

experienced mice, can render these mice more susceptible to infection. Further 

work, involving neutrophil migration assays, and MMP8 inhibition, will be required 

to investigate this hypothesis.  

Increased IL-6 in response to bacterial infection in vitro and in vivo 

supported the results obtained in post-influenza macrophages by using TLR-

agonists (Fig 14). The increased production was evident at early time points in the 

bacterial infection (4-8 hours), indicating that this was likely to be a lung-resident 

cell such as alveolar macrophages. We have demonstrated that increased IL-6 is 

protective in bacterial infection, and neutralisation of IL-6 does not protect 

influenza-experienced mice from pneumococcal infection (Fig 18).  
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IL-6 has also been shown to promote neutrophil recruitment to the lung in E. 

coli infection (Jones et al., 2006). The increase of STAT3 phosphorylation in the 

lung in response to IL-6 produced during E.coli infection was proposed to 

contribute to neutrophil recruitment (Jones et al., 2006, Quinton et al., 2008). 

However, this is only partially dependent on IL-6 (Jones et al., 2006, Quinton et al., 

2008), and other IL-6 family members such as LIF, and oncostatin M (OSM) can 

contribute to STAT3 phosphorylation, thereby inducing CXCL5 transcription, and 

subsequent neutrophil recruitment (Traber et al., 2015). Mice that are unable to 

phosphorylate STAT3 in their alveolar epithelial cells have been used to dissect the 

role of this signalling pathway in bacterial infection (Quinton et al., 2008). 

Interestingly, inhibition of oncostatin M (OSM) has been shown to reduce the 

production of CXCL5, but not CXCL1 and CXCL2, resulting in reduced neutrophilia 

during E.coli pneumonia (Traber et al., 2015). Although ELR+ CXC chemokines 

such as CXCL5 are not affected in STAT3 deficient mice in response to E.coli, 

neutrophil recruitment is significantly decreased, associated with a higher bacterial 

burden (Quinton et al., 2008). STAT3 signalling appears to be fundamental in 

neutrophil recruitment and host survival in bacterial infection, via a number of 

mediators. Therefore, STAT3 signalling, potentially induced by IL-6, may play an 

important role in the early and increased neutrophil recruitment seen in post-

influenza mice.  

Another cytokine induced to significantly higher levels in post-influenza mice 

is CXCL10. CXCL10 is induced in response to interferon signalling, however, very 

low levels of IFNγ or IFNλ are detectable, and the induction of IFNα does not 

change in either group over the course of infection. The production of IFNβ has not 

been tested and may be responsible for CXCL10 induction. As previously 

discussed, this cytokine has multiple antimicrobial mechanisms against both gram-

positive and gram-negative bacteria. Indeed, some bacteria, including Bacillus 

anthracis, and S. pneumoniae encode a bacterial membrane protein (Ftsx) which 

exhibits sequence similarity to the CXCL10 receptor, CXCR3 (Margulieux et al., 

2016, Bajaj et al., 2016). CXCL10 can induce bacterial lysis in both a FtsX 

dependent, and independent manner (Margulieux et al., 2016). Although this has 

not been directly tested in S. pneumoniae yet, in vitro assays of bacterial viability in 

the presence of CXCL10 could be conducted, or blocking antibodies could be 

employed in vivo.  
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Neutrophils have been associated with both increased protection 

(Didierlaurent et al., 2008, Gingles et al., 2001) and susceptibility (Kadioglu et al., 

2011, Dallaire et al., 2001) to bacterial infection. In this model, we observe an early 

and increased neutrophil recruitment in mice that ultimately survive the infection. 

Naïve mice, which succumb to infection at 48 hours only exhibit neutrophil 

recruitment at much later timepoints, shortly preceding mortality. Despite the early 

recruitment, bacterial clearance from the lung is slow in influenza-experienced mice. 

We have not formally assessed the role of neutrophils in this infection. In bacterial 

infection, neutrophils are exemplary in their phagocytic capacity, but also have 

other microbicidal mechanisms, such as ROS production, and the formation of 

neutrophil extracellular traps (NETs). To better assess the exact contribution of 

neutrophils in these mice, depletion by antibody treatment could be performed.  

Neutrophil chemotaxis can be initiated by signals derived from the host 

immune system as already discussed. However, other potent chemotactic signals 

may be bacterially derived. Pneumolysin is a universal streptococcal virulence 

factor, released during bacterial autolysis (Paton, 1996). Pneumolysin is directly 

cytotoxic (Hirst et al., 2004) and can cause damage to the alveolar-endothelial 

barrier, independent of immune cell recruitment (Maus et al., 2004). However, it is 

also a major chemotactic factor for inflammatory (Ly6Chi) monocytes and 

neutrophils (Maus et al., 2004), and can be recognised by TLR4 (Malley et al., 

2003). Pneumolysin is beneficial to bacterial infection and dissemination, as PLY-

deficient strains multiply more slowly in vivo with less systemic disease (Canvin et 

al., 1995, Kadioglu et al., 2002). Therefore, this toxin has important roles in 

bacterial progression, but also as a potent immune stimulus.  

In a naïve mouse, bacteria start to disappear from the lung from early time 

points (by 8 hours). The lack of bacterial stimulus may contribute to the lack of 

neutrophil recruitment. An administration of heat-killed bacteria did not induce 

cytokine production, nor neutrophil recruitment in either naïve or post-influenza 

infected mice, indicating active replication was required to initiate the immune 

response.  

The interaction of the pneumococcus with the alveolar macrophage in vivo 

is also unclear. Alveolar macrophage numbers partially decline in influenza-

experienced mice, potentially indicating cell death. This may be induced by either 
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bacterial or neutrophil phagocytosis (Dockrell et al., 2003, Knapp et al., 2003). This 

could be tested in vivo with the use of labelled bacteria, and markers of apoptosis 

such as Annexin V. Additionally, a recent study proposed that Siglec Flo 

macrophages recruited during allergic inflammation were less capable of 

phagocytosis than Siglec F hi macrophages (Sanfilippo et al., 2015). This may 

indicate a differential capacity of monocyte vs embryonic derived macrophages to 

efficiently phagocytose, and thus alter the subsequent immune response. We have 

yet to address this in our model. Imaging the lung during infection may provide 

useful insights into the dynamics of bacterial localisation and immune cell 

interactions.  
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Chapter 7. Discussion 

The aims of this project were to investigate the potential of a common human 

respiratory infection to induce long-term changes on the lung environment. The 

majority of infectious diseases modelled in mice are done so in a completely clean, 

and immunologically naïve host. This has significant consequences on the maturity 

and responsiveness of the immune system, which is unrepresentative of adult 

humans (Reese et al., 2016, Beura et al., 2016). Therefore, efforts to make 

laboratory models more characteristic of human infection must consider the effects 

of previous infections. 

 Assumptions that the lung returns to a “pre-infection” state post challenge 

are being called into question. Following influenza infection, it was seen that the 

lung reached a new, and stable expression profile for up to 60 days, in comparison 

to naïve lungs (Pommerenke et al., 2012). Viral infections have been demonstrated 

to induce prolonged changes in the reactivity in innate immune cells, such as 

alveolar macrophages and dendritic cells (Machiels et al., 2017, Didierlaurent et al., 

2008, Dahl et al., 2004). To further the understanding, and elucidate underlying 

mechanisms for this phenomenon, we have established a model in which a 

transient, self-resolving infection that is common in humans, induces persistent 

changes in lung responsiveness.  

 At one month post-influenza, female mice were significantly more protected 

against a bacterial challenge than naïve mice (Fig 3). This was due to an increased, 

and monocyte-derived population of alveolar macrophages, which displayed a 

number of phenotypic differences to “resident” embryonic derived alveolar 

macrophages. The origin of post-influenza macrophages was central to an altered 

responsiveness following TLR stimulation. Monocyte-derived macrophages 

produced increased amounts of a selective number of pro-inflammatory cytokines, 

including IL-6 (Fig 28).  

Although we have identified an important protective role for increased IL-6 in 

post-influenza mice (Fig 18), further work is required to elucidate the mechanism of 

this cytokine in S. pneumoniae infection. As discussed in chapter 6, IL-6 may 

promote neutrophil recruitment, which is associated with bacterial protection in 

post-influenza mice, but not observed in naïve mice (Fig 31). Other cytokines, such 

as CXCL5 may also participate in neutrophil recruitment, and the precise 
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contributions of each cytokine are currently unclear. We have additionally yet to 

demonstrate that neutrophil recruitment is required for protection in post-influenza 

mice. This could be investigated by neutrophil depletion during S. pneumoniae 

infection in influenza-experienced mice. Additionally, to elucidate correlates of 

protection; bacterial loads, cytokine production and cellular recruitment during S. 

pneumoniae could be compared in post-influenza mice treated with αIL-6 or 

αCXCL5.  

This model was conducted in female mice, as male mice were not protected 

from S. pneumoniae infection post-influenza (Fig 3). As discussed in chapter 3, the 

difference in protection observed in males and females may merely arise from 

behavioural differences, which require male mice to be singly housed. However, it 

may also be speculated that male mice do not exhibit the same recruitment and 

differentiation of monocytes during influenza infection. It has been shown that 

female mice experience higher immunopathology during influenza infection, relative 

to males (Robinson et al., 2011). This may result in increased damage, and a more 

significant monocyte recruitment, which is responsible for protection against S. 

pneumonaie. We have not studied the link between damage and monocyte 

recruitment, although this has been demonstrated in other models (Misharin et al., 

2017).  

We have not addressed the potential for increased tolerance, rather than 

increased resistance to be responsible for protection in post-influenza mice. 

Whereas resistance describes mechanisms by which the host actively reduces 

pathogen burden, potentially incurring immunopathology, tolerance is protective by 

reducing the negative impact of infection on the host, without affecting the 

pathogen. The high bacterial loads sustained in the lungs of post-influenza mice 

over the course of S. pneumoniae infection may indicate a tolerance mechanism 

(Fig 32). In fruit flies, bacterial tolerance can be attributed to a number of genes 

(Ayres et al., 2008), although this is likely to be more complicated in the vertebrate 

context. Tolerance in a post-influenza mouse may involve the prevention of lung 

damage, which would otherwise allow systemic dissemination of the bacteria, 

resulting in host mortality. Both damage, and systemic dissemination during 

bacterial infection require further investigation in this model.  

Our study coincides with recent work, which ascribes differential functions to 

alveolar macrophages based on origin, following lung infection and damage 
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(Machiels et al., 2017, Misharin et al., 2017). In contrast to other models, we have 

used an acute inflammatory stimulus, which we have demonstrated can induce 

persistent changes, even following clearance of the original stimulus. Another study 

used gammaherpes virus infection, which latently infects the host (Machiels et al., 

2017). Latent infections are an important, prevalent human infection, but represent 

a sustained stimulus, which induces continual cytokine production. This ongoing 

stimulus can tolerise blood monocytes (Askenase et al., 2015, Machiels et al., 

2017), and therefore represents a different mechanism of macrophage 

differentiation and priming.  

Our work, which describes increased protection to S. pneumoniae following 

influenza, is in direct contradiction to some studies which observe a extended 

susceptibility to bacterial infections following influenza (Redford et al., 2014, 

Didierlaurent et al., 2008, Chen et al., 2012, Van Der Sluijs et al., 2004). Although 

some of these studies consider a time point of 14 days post-influenza to represent 

recovery, for the reasons that have already been previously discussed, we believe 

influenza-induced damage may persist at this time, increasing their susceptibility to 

bacteria (Chen et al., 2012, Van Der Sluijs et al., 2004). A later time point, of one 

month post-infection may more accurately represent resolution of infection. 

Increased susceptibility to Mycobacterium tuberculosis (Mtb) (Redford et al., 2014), 

allergic asthma (Dahl et al., 2004), S. pneumoniae, P. aeruginosa, and Group B 

streptococcal infections (Didierlaurent et al., 2008) remains in mice at one month 

post-influenza. In contrast, at no dose of S. pneumoniae infection did we observe 

increased susceptibility in influenza-experienced mice. Variations in host strain, 

host sex, bacterial strain, inoculum dose and inoculum route can influence the 

outcome of a S. pneumoniae infection. The differentiation between our model and 

others may arise from specifics of bacterial infection. Indeed, our model uses a 

virulent strain of S. pneumoniae (TIGR4), which induces a moderate mortality to 

allow for increased protection, as well as increased susceptibility. The non-invasive 

strain (D39) used by Didierlaurent and colleagues induces a low mortality in naïve 

mice (Didierlaurent et al., 2008). 

 However, fundamentally our study differs from that by Didierlaurent and 

colleagues in the observation of macrophage phenotype post-influenza. This study 

found that macrophages were “desensitised” to TLR ligands for up to two months 

post-influenza. Alveolar macrophages produced a significantly reduced amount of 
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many pro-inflammatory cytokines, including TNFα and CXCL1, following 

stimulation with LPS and Flagellin. This was due to a decreased translocation of 

NF-κB to the nucleus (Didierlaurent et al., 2008). In contrast, we did not observe 

the production of any cytokine to be reduced following TLR stimulation (Fig 15). As 

we have demonstrated monocyte-derived cells to be central to the macrophage 

phenotype post-influenza, it is interesting to speculate whether the divergence 

between the two studies arises from differences in monocyte recruitment. Indeed, 

Didierlaurent did not report an increase in the number of macrophages post-

influenza. It could be hypothesised that in the absence of macrophage depletion, 

the resident cells receive an imprint, which renders them less sensitive to 

subsequent TLR stimulation long-term. However, we did not observe “resident” 

macrophages or to be less responsive to TLR stimulation. This was also true in 

macrophages isolated from a CCR2KO host post-influenza, which do not represent 

monocytes.  

The differences in macrophage phenotype observed in these studies 

emphasise the importance of origin. Further work must be done to identify signals 

which cause monocyte recruitment and differentiation. One contributing factor may 

be the depletion of resident macrophages, to create an accessible niche (Guilliams 

and Scott, 2017). Macrophage depletion is observed prior to monocyte recruitment 

by this work (Fig 19), and in gammaherpes-virus infection (Machiels et al., 2017). 

The causes of macrophage disappearance during infection or damage are 

unknown. However, some studies have not observed macrophage depletion during 

influenza (Janssen et al., 2011), and others have demonstrated that resident 

macrophages are solely responsible for replenishing the niche (Hashimoto et al., 

2013). These differences may arise from host responsiveness, and influenza 

infection. Many strains of influenza can infect, but cannot productively replicate in 

alveolar macrophages (Londrigan et al., 2015, van Riel et al., 2011, Yu et al., 2011). 

Additionally, cytokines in the inflammatory milieu during influenza infection may 

contribute to monocyte infiltration, and their subsequent inflammatory profile. The 

use of other strains of influenza, as well as a titration of infection, may shed light on 

the interaction between viral strain, damage, macrophage disappearance, 

monocyte replacement and their consequences for function and protection.  

Future work should include investigating a broader relevance of this model 

on other secondary infections. The presence of monocyte-derived macrophages, 
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and altered responsiveness of these cells is likely to impact responses to other 

pathogenic organisms, such as gram negative bacteria, intracellular bacteria, and 

fungi. To develop a proper understanding of the implications that a single viral 

infection may have, this must be explored in other infectious scenarios. It is 

possible that in some instances, this is disadvantageous to the host. Indeed, 

previous work has shown that influenza infection renders mice more susceptible to 

Mycobacterium tuberculosis (Mtb) infection for up to one month. This occurs in an 

type I IFN-dependent manner, although the precise mechanisms are not yet clear 

(Redford et al., 2014). Additionally, a prior influenza infection has been shown to 

exacerbate the development of allergic asthma (Dahl et al., 2004). Even at one 

month post-infection, dendritic cells demonstrate an enhanced capacity to present 

antigen to T-cells, which results in a detrimental result during allergic asthma. 

Conversely, the severity of allergic asthma can be reduced following gammaherpes 

virus infection. In this scenario, dendritic cell presentation during allergic asthma is 

reduced, as a result of IL-10 produced by monocyte-derived macrophages 

(Machiels et al., 2017). The differences observed in these models emphasise the 

importance of context, in both the primary and secondary insult, and may be useful 

for extracting differences between models which contribute to phenotype. Further 

infectious agents could be used to test general principles of this phenotype, such 

as RSV (respiratory syncytial virus), paramyxovirus, or hantavirus.  

Although we have identified monocyte-derived macrophages to be 

protective in the context of secondary infection, it would be interesting to 

investigate the role of these cells in resolution of influenza infection. We have 

observed that CCR2KO mice are identical to C57BL/6 mice in the degree of weight 

loss during influenza infection (data not shown), but we have not formally 

compared the speed of resolution and repair in these mice, compared to wild-type 

mice. In a model of filarial infection, the prevention of monocyte recruitment is 

beneficial to nematode clearance (Campbell et al., 2018). Additionally, monocytes 

are detrimental to recovery of the heart following myocardial infarction (Sager et al 

2016), and promote fibrosis following lung injury (Misharin et al., 2017). Therefore, 

although CCR2KO mice are not protected from secondary bacterial infection, the 

absence of monocytes may aid the clearance of influenza, and accelerate repair in 

the lungs of these mice.  



Chapter 7. Discussion 

 

196 

 

 Monocyte-derived macrophages may be implicated in the development of 

chronic lung diseases, such as COPD (Chronic obstructive pulmonary disease) or 

fibrosis. Monocytes recruited during bleomycin drive a detrimental lung fibrosis, due 

to necroptosis during differentiation (Misharin et al., 2017). Indeed, genes 

associated with fibrosis driven by monocyte-derived alveolar macrophages were 

found to be upregulated in macrophages of human patients with severe lung 

fibrosis (Misharin et al., 2017). Additionally, observation from human studies of 

COPD note an increased macrophage number in these patients, which are less 

mature in their expression of surface markers (Di Stefano et al., 1999, Chana et al., 

2014). These cells may represent monocyte-derived macrophages, which are 

implicated in disease severity due to their gluco-corticoid insensitivity (Chana et al., 

2014). High levels of MCP-1 are observed in the BAL of humans with COPD 

(Traves et al., 2002). Whether monocyte-derived macrophages drive COPD, or are 

recruited as a consequence of local inflammation remains to be determined. Again, 

a sustained inflammatory stimulus may invoke differential changes in the 

differentiation of monocytes into alveolar macrophages.  

We have observed distinct changes in the inflammatory profile of alveolar 

macrophages following influenza, as a result of monocyte contribution. Alveolar 

macrophages also perform many functions to maintain the health of the tissue 

outside of infection, including clearance of surfactant and lipids (Yoshida et al., 

2001). We have not formally addressed the ability of monocyte-derived 

macrophages to perform these functions. Failure to clear surfactants can result in 

the development of PAP, affecting the ability for gas exchange, and causing 

breathing difficulties. Monocyte-derived macrophages must be equally capable to 

fulfil this role. Genes relevant for lipid metabolism in alveolar macrophages are 

under the control of PPARγ, and the gene expression signature from PPARγ-/- 

macrophages can be cross-referenced to our populations (Schneider et al., 2014b), 

and will be examined. Additionally, as described in chapter 2, further work should 

be conducted on the phagocytic potential of monocyte-derived macrophages. 

Therefore, while monocyte-derived macrophages have high expression of Siglec F, 

CD64, MerTK and CD11c, and morphologically resemble naïve macrophages, we 

have not fully investigated many macrophage functions.  Therefore, the origin of 

alveolar macrophages following influenza may produce persistent effects on the 

health and function of the organ. 
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The extension of this model to two months post-influenza provided some 

insights, and questions. While we observed that influenza-experienced mice had 

increased protection against a bacterial infection at one month post-influenza, no 

protection was found at two months post-influenza (Fig 27). The protection 

observed at one month was associated with an increased capacity of monocyte-

derived alveolar macrophages to produce IL-6. However, despite a significant 

population of monocyte-derived macrophages at two months post-influenza, these 

cells did not produce increased IL-6 and could not contribute to protection from 

bacterial infection (Fig 28). The altered phenotype seen in monocyte-derived 

macrophages at one month, compared to two months, raises three possibilities. 

Firstly, that the phenotype observed in alveolar macrophages at one month 

may reflect a reparative environment of the lung following influenza, which is fully 

resolved by two months. Although global expression profiling of the whole lung 

stated a “stable” transcriptomic profile from 18-60 days (Pommerenke et al., 2012), 

subtle transcriptomic changes may be diluted in the whole lung, and may require a 

more directed focus on the epithelium alone. Indeed, when we performed 

microarray analysis of the whole lung at one month post-influenza, we observed 

the upregulation of genes associated with proliferation of basal cells in the 

epithelium (Trp63, Areg), which may indicate active repair (Fig 5). The 

responsiveness of alveolar macrophages at one month post-influenza may be 

influenced by repair processes. The extent of communication between these two 

cells is a subject of increasing interest, and it has been demonstrated that direct 

modulation of inflammatory phenotype can be transmitted via soluble factors, such 

as CD200 (Snelgrove et al., 2008), as well as microvesicles and exosomes. 

Macrophages produce vesicles containing SOCS3 – a negative regulator of STAT3 

signalling induced by IL-6, which are taken up by epithelial cells to modulate 

inflammation (Bourdonnay et al., 2015). Although the reciprocal transfer of vesicles 

or exosomes which instruct macrophage phenotype has not been extensively 

demonstrated, the potential for communication between these two cell types is high 

(Westphalen et al., 2014). Further work could focus on the profile of the epithelium 

at one and two months post-influenza. Does the epithelium itself have an altered 

responsiveness? These cells are also important in inflammatory responses, and 

have also undergone extensive depletion and regeneration. To investigate the 

influence of the epithelium post-influenza, alveolar macrophages from naive lungs 
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could be adoptively transferred into influenza-experienced lungs, and their 

expression profile and responsiveness could be monitored. 

Secondly, the alteration in macrophage phenotype at two months may 

reflect the length of time required for complete differentiation to alveolar 

macrophages. It may be postulated, that the phenotype observed in monocyte-

derived macrophages at one month is reflective of an incomplete differentiation, 

which is fully achieved at two months. In a study which measured monocyte 

replacement of embryonically derived liver macrophages (Kupffer cells), origin did 

not affect function nor transcriptomic profile of these cells at 30 days (Scott et al., 

2016). However, at 30 days, monocyte-derived Kupffer cells displayed lower 

expression of Tim4 relative to embryonically derived Kupffer cells. This model was 

conducted following a Kupffer cell specific depletion, and was therefore relatively 

non-inflammatory. Monocyte-derived macrophages recruited in situations of 

inflammation in the heart exhibited distinct differences in their ability to process and 

present antigen (Epelman et al., 2014a). Additionally, following local injury, 

monocyte-recruited macrophages in the lung differentially expressed ~5000 genes 

at 14 days, which was reduced to 330 genes at 10 months post-injury (Misharin et 

al., 2017), indicating a prolonged period required for complete differentiation when 

monocytes are recruited in an inflammatory context.  

Thirdly, we have not examined the possibility that the loss of protection, 

coupled with the loss of the macrophage phenotype at two months post-infection 

results from a turnover of monocyte-derived macrophages. Although we are able to 

unambiguously discriminate macrophage origin in the CCR2KO Busulfan chimeras, 

we cannot track the longevity of these cells once they become alveolar 

macrophages. In gene set enrichment analysis (GSEA) of the RNA-seq data 

obtained from these cells, recruited (monocyte-derived) macrophages were 

associated with a highly proliferative signature (Fig 25). Whether these same cells 

are proliferating in the pulmonary niche, or whether they have recently been 

recruited from the bone marrow, we have not yet identified. Pulse tracing of BrdU 

would illuminate this point. Self-renewal is a characteristic feature of alveolar 

macrophages, due to their low expression of cmaf/mafB (Soucie et al., 2016). We 

have not formally assessed the persistence of monocyte-derived macrophages, 

although these cells have a higher expression of cmaf, which indicates they may 

not have the same capacity for self-renewal. This remains to be investigated.  
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Since the recent discovery of distinct macrophage lineages, much attention 

has been focused on differential roles relating to origin, and the consequences that 

this may have for the organ. In addition to the lung, other studies in the heart, skin, 

and gut have described consequences for the organ resulting from macrophage 

origin. It is important to have a method to unambiguously discriminate resident from 

recruited macrophages. Although there are some limitations to our chimeric model, 

including the time required to generate the mice, the use of a genetically 

manipulated mouse as a host, we have created a system in which monocytes can 

be almost entirely replaced by donor bone marrow, while retaining a host 

population of alveolar macrophages. Assumptions about replacement of cell 

populations relative to the chimerism of blood monocytes may over-estimate the 

true contribution of monocyte-derived macrophages (Machiels et al., 2017). 

Interrogation of our RNA-seq data, may provide a surface expression marker on 

monocyte-derived macrophages, which would accurately discriminate the 

populations, and circumvent the requirement for chimeric mice.  

We have identified monocyte-derived macrophages to exert functional 

differences. Although origin is central to their phenotype, these are cells that have 

differentiated under inflammatory conditions. It would therefore be interesting to 

compare the profile of monocytes recruited to the lung in less inflammatory 

conditions, such as in a chimeric model of lethal irradiation. This may inform 

influenza specific factors which relate to function, and could potentially help us 

elucidate cytokines which may contribute to a particular differentiation phenotype. It 

would also more formally address the question of origin vs inflammation in 

determining macrophage phenotype.  

Another outstanding question is the cause, and consequence of an 

increased macrophage number post-influenza. We demonstrate that altered 

function, rather than merely increased number, is pertinent to protection in our 

model. However, we do observe increase in alveolar macrophage number at one 

month post-influenza, even in the absence of circulating monocytes in a CCR2KO 

mouse (Fig 20). As the absence of alveolar macrophages is so detrimental, it is 

interesting to speculate on a biological function for the increased number. Alveolar 

macrophages have been observed at a ratio of one macrophage: three alveoli in 

the lung (Westphalen et al., 2014). Does the increased number reflect an increased 
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number of alveoli? Do the monocyte-derived macrophages occupy a different 

location? These questions could be answered with imaging of the lung.  

To further expand our understanding of the consequences of influenza, we 

could also explore systemic effects of this infection. Although the inflammatory 

response is largely localised to the lungs and draining lymph nodes, one study has 

reported a prolonged systemic effect of influenza infection (Chen et al., 2012). This 

study reports a minor decrease in the production of TNFα, IL-6 and IL-10 by 

splenocytes at 14 days post-influenza, in response to bacterial stimuli. Systemic 

effects of viral infection have been observed during acute infection. Cytokines 

produced during viral infection can induce behavioural impairment, and affect 

learning and memory (Blank et al., 2016). Although this is a result of cytokine 

induction during acute influenza, there may be continued effects on neural cells 

which affect the learning, or memory of mice during infection. Additionally, influenza 

infection has been shown to cause dysbiosis in the gut, although this appears to be 

transient (Yildiz et al., 2018).  

Taken together, the findings presented in this thesis may contribute to 

therapeutic strategies in humans with chronic lung diseases.  A distinct function of 

monocyte-derived macrophages may implicate these cells in the severity of many 

pulmonary infections, and chronic disease.  Therefore, further effort should be 

committed to understanding the mechanisms of their recruitment and differentiation 

following infection. Origin cannot currently be distinguished in human alveolar 

macrophages. However, lung transplantation models have provided an opportunity 

to assess “host” and “donor” identities. One study identified a high variation of the 

number of “donor” cells (presumably monocyte derived macrophages), which were 

detectable in transplanted lungs, although this stabilised in individuals from one 

year post-transplantation (Eguíluz-Gracia et al., 2016). Another study identified a 

low contribution of “donor” monocytes to lung macrophage population, even 5 

years post transplant (Nayak et al., 2016). This variation may reflect host specific 

factors, including the extent of pulmonary infections in these individuals. However, 

both studies demonstrate a host origin of alveolar macrophages to prevail for an 

extended period. This may change after infection, or chronic lung diseases, and is 

yet to be extensively investigated. It is difficult to study this without universal 

markers that can discriminate origin. It has been observed that patients with lung 
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fibrosis are enriched for gene sets representative of monocyte-derived cells 

(Misharin et al., 2017). 

Therefore, further work will be needed to accurately assess whether 

humans, who experience multiple respiratory infections over their lifetime, maintain 

an embryonic population of alveolar macrophages. If these murine models translate 

to the human situation, we might assume a replacement by monocyte-derived 

macrophages following early infections in life. 

Overall this project has demonstrated the profound impact that a single 

infection can have on responsiveness of innate immune cells, and in altering the 

susceptibility to an antigenically distinct pathogen. In this way, we can relate 

laboratory mouse models to the human situation, in which we experience and 

recover from multiple respiratory infections over the course of our lifetime. 
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