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[bookmark: _Toc468038476][bookmark: _Toc468051648]Abstract 
A growing body of evidence from clinical studies suggests that community acquired pneumonia (CAP) can trigger acute coronary syndromes (ACS). However, the mechanisms underlying this association have yet to be identified. In particular, the effect of pneumonia on atherosclerotic plaque development and stability has yet to be ascertained. Streptococcus pneumoniae is the most common cause of CAP worldwide. This thesis investigates the effect of S.pneumoniae pneumoniae on markers of plaque vulnerability to rupture, with a focus on the role of the macrophage in the post-pneumonic plaque. 
I hypothesised that pneumonia results in acute, localised inflammatory changes within established atherosclerotic plaques, favouring an unstable phenotype that triggers ACS. In order to investigate this, I developed a unique mouse model of pneumococcal pneumonia in the context of established atherosclerotic plaque formation. The model used high fat diet fed Apolipoprotein E deficient mice, and involved intranasal instillation of type 4 S. pneumoniae followed by antibiotic recovery to achieve both high bacteraemia and survival rates. 
Using this model I have shown that pneumonia results in increased macrophage content in atherosclerotic lesions 2 weeks post infection, a marker for increased plaque vulnerability. However, by 8 weeks no significant difference in macrophage content was seen, and no significant difference in plaque smooth muscle or collagen content was seen at either time point. I also found evidence for pneumococcal invasion into thrombi, which may promote thrombotic complications following plaque rupture. Using microarray analysis of laser capture micro-dissected plaque macrophages, I identified downregulation of the expression of three genes coding for specific E3 ubiquitin ligases following pneumonia, and used pathway analysis to identify a significant perturbation in the ubiquitin proteasome system pathway as a result. Determining the effect of perturbations in this pathway on macrophage biology within the plaque, and on plaque stability, will require further experimental work.
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CHAPTER 1. Introduction
Despite advances in primary and secondary prevention strategies, cardiovascular disease has become the leading cause of mortality worldwide (2008). This has led to intense interest in the identification of novel risk reduction strategies. Over the last few decades, a growing recognition of potential links between infection, in particular respiratory infections, and the pathogenesis of atherosclerosis has emerged. A number of studies have suggested that chronic indolent infections, including Chlamydophila pneumoniae, might promote the progression of atherosclerotic plaques over several decades (Campbell and Kuo, 2004). However, clinical trials reported that the use of antibiotics against Chlamydophila pneumoniae did not lead to a reduction in cardiovascular events, suggesting the relationship was not the direct effect of chronic untreated infection (Song et al., 2008). Since then, a growing body of evidence has emerged suggesting that acute respiratory tract infections can act as a trigger for acute coronary syndromes. Most of this evidence has come from observational clinical studies which have revealed an increased risk of cardiovascular events following pneumonia. It remains unclear, however, if these associations are the result of a mechanistic link between the infection, or the host response it induces, and core components of the pathogenesis of atherosclerotic plaque formation or rupture. Alternatively, they may simply reflect shared risk factors such that predisposition to acute coronary syndromes involves the presence of risk factors that also predispose to acute respiratory infection. 

Streptococcus pneumoniae (the pneumococcus) is the most common cause of bacterial pneumonia worldwide, and can also cause invasive disease such as bacteraemia and meningitis. Novel approaches to understanding the innate immune response to pneumococcal infection are a growing area of research activity. Similarly, there have been significant advances in recent years in our understanding of the inflammatory mechanisms underlying the development of atherosclerosis. This work has demonstrated the importance of the macrophage in both the innate immune response to pneumococcal infection and in the pathogenesis of atherosclerotic plaque formation. 	In this thesis the effect of pneumococcal infection on atherosclerotic plaque development will be considered, with a particular focus on the role of the macrophage in this process. This chapter will begin by describing the pathogenesis of atherosclerosis and the innate immune response to pneumococcal infection. This will be followed by a summary of the evidence for respiratory tract infections being a trigger for acute coronary syndromes together with potential mechanistic links between the two disease processes. 

[bookmark: _Toc468038478][bookmark: _Toc468051652]1.1 Coronary Heart Disease
Cardiovascular diseases (CVD) are a range of conditions caused by disorders of the heart and blood vessels and include coronary heart disease and cerebrovascular disease. According to the World Health Organisation (WHO), CVD is the leading cause of mortality and disability-adjusted life years lost worldwide (WHO 2012). Approximately 17.3 million deaths were attributed to CVD in 2008, a figure which represents 30% of all global deaths, of which 7.3 million were caused by coronary heart disease (CHD). Coronary heart disease is a term that refers to diseases caused by lesions in the coronary vessels which restrict the blood supply to the myocardium, thereby impairing cardiac function. Globally, CHD is second only to HIV in causing death in people under the age of 59 years, and is the leading cause of death in those aged 60 years and over. 

Stenosed coronary vessels that develop during CHD can lead to myocardial ischaemia that manifests as chest pain induced by increased activity but which resolves at rest, known as angina. Acute coronary syndrome (ACS) is a term that describes a group of clinical presentations that almost always occur following acute complications in coronary artery lesions leading to partial or completely occlusive thrombosis of the affected vessel. Non-occlusive coronary thrombosis can present as non-ST-segment elevation myocardial infarction (NSTEMI) or unstable angina. Although both can present similarly with acute chest pain at rest, the development of myocardial necrosis seen in NSTEMI differentiates it from unstable angina (Braunwald, 2012).  Complete occlusion of a coronary vessel often manifests as ST-segment elevation myocardial infarction (STEMI), defined by a characteristic pattern seen on echocardiogram. This is the most serious form of ACS, and can lead to severe, life-threatening transmural myocardial necrosis. 

[bookmark: _Toc331541557][bookmark: _Toc468032866][bookmark: _Toc468038479][bookmark: _Toc468051653]1.2 Atherosclerosis 
Atherosclerosis is a localised inflammatory condition within arterial vessel walls characterised by the formation of slowly growing atherosclerotic plaques, which are the underlying cause of coronary heart disease and cerebrovascular disease. The process begins with endothelial injury which is initiated by common risk factors including hypercholesterolaemia and hypertension (Ross, 1999). The resultant endothelial activation allows low-density lipoproteins (LDL) to enter the arterial intima and leads to upregulation of adhesion molecules on endothelial cells, including vascular adhesion molecule-1 (VACM-1) (Libby, 2002, Hansson et al., 2006). This enables circulating monocytes and T-lymphocytes to bind to activated endothelial cells, after which they enter the intima in response to chemoattractants such as monocyte chemoattractant protein-1 (MCP-1/CCL2) and IFN-inducible T cell alpha chemoattractant (ITAC/CXCL11) (Hansson et al., 2006). Inside the intima, LDL is converted into its oxidised form (oxLDL) which is proinflammatory, perpetuating inflammatory cell infiltration of the vessel wall (Ward et al., 2009). Monocytes inside the intima differentiate into macrophages and ingest oxLDL to become foam cells. Macrophage uptake of modified LDL leads to the release of pro-inflammatory mediators, including IL-1β, IL-6, IL-8, tumour necrosis factor (TNF)-, and MCP-1, the net effect of which is to further upregulate endothelial adhesion molecules and inflammatory cell recruitment into the lesion (Ward et al., 2009). Toll-like receptors may also bind modified lipoproteins within the intima, thus triggering a proinflammatory cascade similar to that elicited by macrophages following oxLDL uptake. This includes production of TNF- and the subsequent expression of matrix metalloproteinases which degrade collagen (Hansson et al., 2015).

[bookmark: _Toc468038480][bookmark: _Toc468051654]1.2.1 Atherosclerotic plaque development
Early atherosclerotic plaques are made up largely of “fatty streaks” which are comprised of foam cells and T-lymphocytes (Ward et al., 2009). Continued development of the plaque leads to smooth muscle cell migration from the media to the intima and subsequent release of copious amounts of extracellular matrix proteins, a process coordinated by platelet-derived growth factor and other growth factors released from activated macrophages and endothelial cells (Hansson et al., 2006). Ongoing inflammation and smooth muscle cell proliferation within the developing plaque over a period of several years eventually leads to the formation of a mature plaque consisting of a lipid-rich core including foam cells and other inflammatory cells, together with a fibrous cap (Stary et al., 1995). 

[bookmark: _Toc468038481][bookmark: _Toc468051655]1.2.2 Foam cell formation
The development of foam cells requires disruption of the normal physiological regulation of cholesterol transport and metabolism by macrophages. Normal homeostatic controls limit macrophage internalisation of native LDL via the LDL receptor and uptake is downregulated by a rise in intracellular cholesterol levels (Lusis, 2000). In contrast the ingestion of modified LDL by macrophages is largely uncontrolled (McLaren et al., 2011). Several mechanisms mediated by both free radicals and enzymes (including myeloperoxidase and 12/15-lipoxygenase) have been proposed to promote LDL oxidation in arterial walls (Miller et al., 2011). Oxidization of LDL within the intima enables lipoprotein recognition by macrophage scavenger receptors such as Type A scavenger receptor (SRA) and CD36 which have a low affinity for native LDL (Pluddemann et al., 2007). Combined deficiency of CD36 and SRA in Apolipoprotein E deficient (ApoE-/-) mice did not completely eliminate foam cell formation, suggesting other pathways are also involved in macrophage cholesterol uptake (Manning-Tobin et al., 2009).   There is evidence to suggest that native LDL can also be taken up by macropinocytosis in hyperlipidaemic conditions, thus contributing to foam cell formation (Kruth, 2011). Furthermore, enzymes such as sphingomyelinase and secretory phospholipase A2 can modify native LDL such that it aggregates into large complexes (Kruth, 2002). Macrophages are then able to internalise aggregated LDL via the LDL receptor. Multiple pathways are therefore likely to be involved in macrophage uptake of lipoproteins.

Disruption of cholesterol trafficking is also an integral part of foam cell formation. Cholesterol when stored in macrophages as cholesteryl ester is relatively inert, whereas free cholesterol can be harmful to cells. Following uptake by macrophages, oxLDL is packaged into lysosomes where it is hydrolyzed into non-esterified fatty acids (FAs) and free cholesterol by lysosomal acid lipase (McLaren et al., 2011). Excess free cholesterol traffics to the endoplasmic reticulum (ER) where it is esterified by Acyl-CoA:cholesterol acyltransferase-1 (ACAT-1) and then stored in the cytoplasm (Chinetti-Gbaguidi and Staels, 2009).  Within the ER, neutral cholesterol ester hydrolase (NCEH) opposes the action of ACAT-1 by hydrolysing cholesterol esters back to free cholesterol and FAs, allowing the cholesterol to be available for efflux. Adipocyte differentiation related protein (ADRP) promotes the synthesis and storage of intracellular triacylglycerols, while carnitine palmitoyl transferase-1 regulates cytoplasmic FA availability (Chinetti-Gbaguidi and Staels, 2009). During foam cell formation, the tight regulation of intracellular cholesterol storage and trafficking are lost such that one of the characteristics of these cells is the cytoplasmic accumulation of cholesterol esters in triacylglycerol-rich droplets (McLaren et al., 2011, Chinetti-Gbaguidi and Staels, 2009). This dysregulation also has inflammatory effects, as free cholesterol engorgement of cell membranes promotes inflammatory signalling from lipid rafts, including TLR signalling and NF-ĸb activation (Zhu et al., 2010). 

Cathepsins, a family of lysosomal proteolytic enzymes, have also been implicated in the regulation of cholesterol metabolism and trafficking by macrophages. Cathepsin D, for example, has been shown to be involved in promoting intracellular glycosphingolipid degradation and facilitating lipid efflux in human monocyte derived macrophages (MDMs) and cathepsin D deficiency may contribute to low plasma High Density Lipoprotein (HDL) levels (Haidar et al., 2006). In contrast to these intracellular effects, when released into the extracellular environment cathepsin D appears to be proatherogenic. Results from in vivo and in vitro studies suggest that lysosomal enzymes, including cathepsin D, are released by macrophages into the extracellular plaque environment (Benes et al., 2008, Hakala et al., 2003).  Within the extracellular matrix, cathepsin D can induce hydrolytic modifications of LDL, rendering it more susceptible to ingestion by macrophages and promoting foam cell formation (Hakala et al., 2003, van der Westhuyzen et al., 1980, Chen et al., 1991). Cathepsins are also expressed by smooth muscle and endothelial cells within plaques, and may play a key role in a variety of atherogenic processes including degradation of the extracellular matrix, migration of circulating monocytes and T-lymphocytes into the vessel wall, neovascularisation and macrophage apoptosis (Bai et al., 2010). 

In addition to excessive lipoprotein uptake by macrophages, foam cell formation also requires impaired cholesterol export from the cell (Lusis, 2000). This involves dampening of macrophage efflux machinery such as reverse cholesterol transport through ATP-binding cassette transporters (ABC), including ABCA-1 and ABCG-1/G-4 (McLaren et al., 2011). HDL and ApoA-I promote cholesterol efflux through ABCG-1/G-4 and ABCA-1 respectively (Tall et al., 2008). Foam cells in advanced atheroma have a higher free:esterified cholesterol ratio as compared with those in early plaques and impaired cholesterol efflux and ACAT-1 activity are thought to contribute towards this phenomenon (Tabas, 2002). Autophagy, which in this context is described as lipophagy, also has a role to play in macrophage cholesterol efflux. During lipophagy, lipid droplets in cells are hydrolysed by the autophagy apparatus (Singh et al., 2009).  The autophagosome fuses with the lysosome leading to degradation of cholesterol esters and thereby making modified and free cholesterol available for efflux through ABCA-1.  Studies using ApoE-/- mice have suggest that autophagy plays a protective role in atherosclerosis by regulating plaque necrosis (Liao et al., 2012). Autophagy is also involved in regulating immune responses including antigen presentation and inflammasome activation (Razani et al., 2012). Figure 1 summarises the mechanisms involved in macrophage lipid metabolism. 
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[bookmark: _Toc468045748][bookmark: _Toc468072867][bookmark: _Toc468043763][bookmark: _Toc468043880]Figure 1.1 Macrophage lipid uptake, storage and efflux mechanisms. 
Native LDL uptake through the LDL receptor is under homeostatic control. During foam cell formation, modification of LDL allows its uptake by scavenger receptors (SR-A and CD36), leading to excessive intracellular cholesterol storage and esterification. Foam cell formation also involves downregulation of cholesterol efflux mechanisms, including reverse cholesterol transport through ABC transporters. The host response to infection may interact with these mechanisms in a variety of ways, in particular through the effect of proinflammatory cytokines. Experimental evidence suggests that: IFN-, TNF- and IL-1β dampen macrophage cholesterol efflux machinery; IFN- and TNF- enhance ACAT-1 activity and cholesteryl ester accumulation; IFN- promotes modified LDL uptake and SR-A expression. The lysosomal enzyme cathepsin D is expressed by macrophages, smooth muscle cells and endothelial cells within plaques. It has been implicated in the modification of LDL rendering it more susceptible to macrophage uptake. Cathepsin D has also been shown to promote ABCA-1 mediated lipid efflux. Abbreviations: ABC, ATP-binding cassette transporter; ACAT-1, Acyl-CoA:cholesterol acyltransferase-1; ADRP, adipocyte differentiation-related protein; Apo, apolipoprotein; CE, cholesteryl ester; CTSD, cathepsin D; FA, non-esterified fatty acids; FC, free cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein, LDL rec, low-density lipoprotein receptor; NCEH, neutral cholesteryl ester hydrolase; SR-A, scavenger receptor A; TG, triacylglycerols. 
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In addition to the dysregulation of macrophage lipid metabolism described above, activation of innate immune pathways is increasingly being recognised as an integral part of the pathogenesis of atherosclerosis. The aberrant processing of lipoproteins within the cell results in the release of ligands that can bind to pattern recognition receptors (PRRs) and trigger signalling cascades that stimulate innate immune responses. Two main groups of PRR have been implicated in these processes: NOD (nucleotide oligomerization domain)-like receptors (NLRs) and TLRs. 

Cholesterol crystals are present in advanced, and to a lesser extent, in early atherosclerotic plaques and are found both within macrophages and the extracellular matrix (Lim et al., 2011). Engulfment of pre-formed cholesterol crystals by macrophages in ApoE-/- mice has been shown to activate the NOD-, LRR (leucine-rich repeat) - and pyrin domain-containing 3 (NLRP3) inflammasome which results in the processing and release of active IL-1β (Duewell et al., 2010). There is conflicting data in the literature as to whether deficiency of the components of the NLRP3 inflammasome can protect against atherosclerosis in hypercholesterolaemic mice (Menu et al., 2011). Macrophage loading with cholesterol can also result in de novo production of intracellular cholesterol crystals within the macrophage which can activate the NLRP3 inflammasome. CD36 likely plays an important role in the nucleation of cholesterol crystals and in coordinating the activation of the inflammasome (Sheedy et al., 2013). Targeting CD36 in atherosclerotic mouse models leads to a reduction in serum IL-1β levels and cholesterol crystal accumulation in plaques. 

A role for TLR signalling in the pathophysiology of atherosclerosis had been supported by several mouse studies. Deficiencies of TLR2, TLR4 or of adaptor proteins utilised by these TLRs impairs atherosclerotic plaque development (Michelsen et al., 2004, Mullick et al., 2005). Oxidized LDL species have emerged as candidate endogenous ligands for TLRs during atherosclerosis, with the level of oxidation influencing their recognition by different TLRs. Moderately oxidised LDL has been shown to bind scavenger receptor CD36 resulting in the formation of a TL4-6 heterodimer that activates NF-ĸB in macrophages and promotes monocyte recruitment to plaques (Stewart et al., 2010). Alternatively, minimally oxidized LDL can be recognised by CD14-TLR4-MD2 and triggers rearrangement of the cytoskeleton together with production of TNF and IL-6 (Bae et al., 2009). Furthermore, in addition to these ligand-triggered signalling pathways, the engorgement of macrophage plasma membranes by free cholesterol may also result in increased activation of TLRs, such as TLR3 and TLR4 (Yvan-Charvet et al., 2008). Therefore, numerous pathways may be implicated in the TLR-induced activation of macrophages during atherosclerosis. 

[bookmark: _Toc468032868][bookmark: _Toc468038483][bookmark: _Toc468051657]1.2.4 Monocyte/macrophage recruitment in plaques
[bookmark: _Toc468032869][bookmark: _Toc468038484]Although numerous cell types contribute towards plaque development, the importance of foam cells in the pathophysiology of atherosclerosis has resulted in an emphasis being placed on understanding the recruitment and development of monocytes/macrophages within plaques. Studies investigating pathways which promote macrophage retention in, or egress from, plaques may have identified new targets to attenuate plaque formation (Moore et al., 2013). 

[bookmark: _Toc468032870][bookmark: _Toc468038485]Animal models, including mice, rabbits and pigs have demonstrated an increase in circulating monocytes associated with hypercholesterolaemia. Apolipoprotein E-deficient mice have an approximately 50% higher number of circulating monocytes compared to wild type mice (Swirski et al., 2007).  Murine studies suggest hypercholesterolaemia-induced monocytosis occurs as a result of cholesterol engorgement of haematopoietic stem and progenitor cells (HSPCs) which increase their release of granulocyte/macrophage stimulating factor (GM-CSF) receptor and of the common β subunit of IL-3 (Yvan-Charvet et al., 2010).  Both of these factors induce HSPC proliferation, the precursors of monocytes and neutrophils. Conversely, the expression of HDL and ApoE which augment cholesterol efflux in atherosclerosis mouse models also inhibited HSPC proliferation.  

[bookmark: _Toc468032871][bookmark: _Toc468038486]There are two major subsets of circulating monocytes in mice, LY6Chi and LY6Clow. LY6Chi monocytes express high levels of CC-chemokine receptor 2 and have been characterised as pro-inflammatory due to their recruitment to sites of inflammation. They are generally considered to correspond to human CD14+16- monocytes, which make up 90% of the circulating human monocyte population, while in wild type mice the LY6Chi subset represents approximately 50% of circulating monocytes. The expansion of circulating monocytes in hypercholesterolaemic mouse models is largely due to an increase in LY6Chi monocytes and this subset predominates (approximately 80%) amongst cells recruited to developing atherosclerotic plaques (Swirski et al., 2007, Tacke et al., 2007). LY6Chi monocytes have been proposed as the precursors to macrophages with a more pro-inflammatory phenotype, while LY6Clow monocytes are considered to be the precursors to macrophages with a predominantly anti-inflammatory phenotype and correspond to CD14lowCD16+ monocytes in humans. LY6Clow monocytes predominantly express the CX3C-chemokine receptor 1 (CX3CR1) and are thought to patrol the vascular endothelium with a mainly homeostatic phenotype (Moore et al., 2013). 

[bookmark: _Toc468032872][bookmark: _Toc468038487]Endothelial activation, which occurs in the very early stages of atherosclerotic plaque formation, results in the recruitment of circulating monocytes. A leucocyte adhesion cascade has been proposed to describe the key steps involved in monocyte attachment to endothelial cells: capture (or tethering), rolling, activation (chemokine controlled), and arrest (mediated by integrins) (Ley et al., 2007).  Capture and rolling of monocytes is dependent on endothelial cell P-selectin and on the immobilisation of chemokines such as CXC-chemokine ligand 1(CXCL1) and CC-chemokine ligand 5 (CCL5) on endothelial cell glycosaminoglycans. It is likely that the capture of LY6Chi monocytes is mediated through the interaction of their surface receptors CCR5 and CCR1 with CCL5 on the endothelial cell surface (Soehnlein et al., 2013). These initial interactions lead to the activation of monocyte integrins which are a subset of leukocyte adhesion molecules which mediate the firm adhesion of monocytes to endothelial cells. The adhesion cascade predominantly involves the integrins very late antigen 4 (VLA4) and lymphocyte function-associated antigen 1 (LFA1), which bind to endothelial cell vascular cell adhesion molecule 1 (VCAM 1) and intercellular adhesion molecule 1 (ICAM 1) respectively.  The relatively greater expression of LFA1 by LY6Clowmonocytes compared to LY6Chi cells may explain their tendency to adhere to endothelial cells without actually entering the intimal layer of the arterial wall (Woollard and Geissmann, 2010).   

[bookmark: _Toc468032873][bookmark: _Toc468038488]The migration of monocytes through the layer of endothelial cells into the intima is controlled by chemokines secreted by endothelial cells, smooth muscle cells and intimal macrophages. The main chemokine—chemokine receptor pairs involved in this process are likely to be CCR2-CCL2, CX3CR1-CX3CL1 and CCR5-CCL5 (Tacke et al., 2007). Combined inhibition of these three axes almost completely abolished atherosclerosis in ApoE-/- mice (Combadiere et al., 2008). Chemokine receptors also indirectly influence the number of monocytes entering plaques, as CCR2 mediates monocyte emigration from the bone marrow and CX3CR1 is required for monocyte survival (Serbina and Pamer, 2006, Landsman et al., 2009). 


[bookmark: _Toc468032874][bookmark: _Toc468038489][bookmark: _Toc468051658]1.2.5 Alternative sources of plaque macrophages
[bookmark: _Toc468032875][bookmark: _Toc468038490]As described above, the prevailing paradigm of macrophage accumulation in atherosclerosis has been that the recruitment of circulating, bone-marrow derived,  monocytes is by far the most common source of plaque macrophages (Cochain and Zernecke, 2015). However, a growing body of evidence suggests that alternative sources of monocytes/macrophages may play a crucial role in plaque progression. For example, it is increasingly clear that a significant proportion of plaque macrophages originate from the recruitment of monocytes that originate from the spleen. Murine models of myocardial infarction demonstrated that the spleen was an important source of circulating Ly6Chi monocytes deployed to sites of inflammation (Swirski et al., 2009). Since then, mouse models of atherosclerosis have shown that the spleen does not simply harbour a pre-existing reservoir of bone-marrow derived monocytes, but that active monocyte generation from HSPCs occurs within the organ and these monocytes accumulate within plaques (Robbins et al., 2012). On entering the plaque, spleen derived Ly6Chi monocytes display an inflammatory profile similar to bone-marrow derived monocytes including the release of IL-1β and other inflammatory cytokines together with reactive oxygen species. Similarly, they have the ability to ingest lipids and eventually become foam cells. Following myocardial infarction in ApoE-/- mice, atherosclerotic plaque formation was found to be accelerated and this was associated with increased monocyte recruitment to developing plaques. The mechanism underlying the additional monocyte accumulation was the activation of the sympathetic nervous system post-MI which promoted bone marrow HSPC release, with these cells then seeding the spleen which provided a sustained source of monocytes for progressing atherosclerotic plaques (Dutta et al., 2012). 

[bookmark: _Toc468032876][bookmark: _Toc468038491]In addition to the recruitment of circulating monocytes, macrophage proliferation may also significantly contribute to maintaining macrophage populations within plaques, as has been suggested by a study which used parabiosis, the joining of the blood circulation of one mouse to another. Parabiosis experiments, where pairs of ApoE-/- mice expressing different haplotypes of CD45 were joined, reported the expected high levels of chimerism in blood and spleen monocytes but 5-6 times lower levels in plaque macrophages. Furthermore, significant replication of plaque macrophages was demonstrated in this model, with local proliferation accounting for the vast majority of accumulating macrophages in advanced plaques. Conversely, early plaques in younger mice relied mainly on recruiting circulating monocytes  (Robbins et al., 2013). It should be noted that concerns regarding the technical limitations of using parabiosis have been raised (Randolph, 2013). Furthermore, the study also reported that in long term bone marrow chimeras, almost the entirety of the lesional macrophage pool ultimately derive from circulating precursors, a contrasting result to that seen with the shorter term parabiosis studies. Although macrophage proliferation has been demonstrated in human lesions, its relative contribution to human plaque development has yet to be determined (Rekhter and Gordon, 1995). 

[bookmark: _Toc468032877][bookmark: _Toc468038492][bookmark: _Toc468051659]1.2.6 Macrophage polarisation and plasticity
[bookmark: _Toc468032878][bookmark: _Toc468038493]For many years, macrophage phenotypes were classified simply as a dichotomous M1/M2 polarisation (Ginhoux et al., 2016). According to this paradigm, “classical” activation of macrophages by IFN-ɣ or TLR ligands (e.g. lipopolysaccharide) can result in their polarisation to the pro-inflammatory M1 phenotype. These macrophages secrete pro-inflammatory cytokines including IL-6 and IL-12 together with reactive nitrogen and oxygen species. “Alternative” activation of macrophages by IL—4 and IL-13 promotes M2 polarisation resulting in a generally anti-inflammatory phenotype.  These macrophages have been characterised as having high endocytic activity and they secrete connective tissue growth factors, angiogenic factors and anti-inflammatory cytokines such as IL-10 (Martinez et al., 2009). Unlike pro-inflammatory M1 macrophages which are associated with plaque progression and destabilisation, M2 macrophages promote inflammation resolution and tissue repair (Gordon, 2003). In mouse models of atherosclerosis, the deletion of transcription factors which promote M2 macrophage polarisation such as NR4A1 and Krüppel-like factor 4 (KLF4) results in predominantly M1 polarised macrophages and an acceleration of atherosclerotic plaque formation (Hanna et al., 2012, Sharma et al., 2012). Conversely, the administration of IL-13 to LDL receptor knockout mice promotes M2-polarisation and has been shown to impair plaque development, which together with other studies using plaque regression models suggests that the promotion of M2-polarisation is atheroprotective (Cardilo-Reis et al., 2012, Rayner et al., 2011). Macrophage polarization towards either a predominantly M1 or M2 macrophage population within a plaque has therefore been suggested to play a major role in influencing its stability and propensity for rupture. Macrophage heterogeneity has been demonstrated in both animal and human atherosclerotic plaques (Shalhoub et al., 2011). Plaques in young ApoE-/- mice have been shown to be largely infiltrated with M2 macrophages, but as the lesions progress a phenotypic switch to predominantly M1 macrophages occurs, with increased M1/M2 ratio correlating with lesion progression (Khallou-Laschet et al., 2010). Human carotid plaques from endarterectomy specimens also contain both M1 and M2 macrophages, with M2 macrophages tending to localise in relatively stable areas of the plaque distant from the lipid core (Bouhlel et al., 2007). 

It is likely that the above description of an M1/M2 dichotomy is in fact an oversimplification, as in recent years evidence has emerged to suggest that plaque macrophages display a complex spectrum of overlapping phenotypes (Cochain and Zernecke, 2015). This is explained by the diverse, often opposing, signals that macrophages are exposed to in the plaque microenvironment. For example, while oxidised LDL has been shown to drive M1 polarisation through TLR signalling, it may also promote macrophage expression of the M2 polarisation marker arginase 1 by activating peroxisome proliferator activated receptor-ɣ (PPAR-ɣ) (Gallardo-Soler et al., 2008). Furthermore, oxidised phospholipids contained within oxidised LDL can induce a Mox phenotype, clearly distinct from M1/M2 macrophages. The Mox phenotype is characterised by the upregulation of a set of genes dependent on nuclear factor erythroid 2 (Nrf2), together with reactive oxygen species. Macrophages displaying the Mox phenotype are thought to make up approximately 30% of plaque macrophages in LDLR-/- mice (Kadl et al., 2010), although their exact role in lesion progression has yet to be determined. Another recently identified phenotype of plaque macrophages described as M4 polarisation is induced by CXCL4 which reduces CD163 expression, a scavenger receptor associated with generally atheroprotective functions. These macrophages are characterised by increased expression of MMP-7 and S100 calcium binding protein A8 and have been found in human coronary artery lesions where their prevalence has been associated with plaque instability (Erbel et al., 2015).  IL-17a may also promote a pro-inflammatory phenotype distinct from those described above, although its role is not yet entirely understood (Taleb et al., 2015). The signals that macrophages encounter within the plaque microenvironment are not only diverse but also temporally dynamic and they can therefore display plasticity, switching from one phenotype to another (Ginhoux et al., 2016). 
  
[bookmark: _Toc468032879][bookmark: _Toc468038494]The multidimensional model of macrophage polarisation has led to a proposal that any macrophage phenotype nomenclature system should be based upon the experimental activation conditions of the macrophages, particularly with regard to in-vitro experiments (Murray et al., 2014). For example, instead of describing macrophages as M1/M2 etc., they would be named M(IFN-ɣ) or M(IL-4) for macrophages stimulated by IFN-ɣ or IL-4 respectively, thereby allowing for a more reproducible classification system. This proposal also encourages the reporting of combinations of activation markers to more accurately describe the activation state of macrophages. For ex vivo macrophages, macrophage activation classifications should include a clear description of isolation techniques, time points of extraction and analysis to account for plasticity, and multiple activation markers. 

[bookmark: _Toc468032880][bookmark: _Toc468038495][bookmark: _Toc468051660]1.3 Plaque Vulnerability
[bookmark: _Toc331539367][bookmark: _Toc331540028][bookmark: _Toc331540124][bookmark: _Toc331541559][bookmark: _Toc468032881][bookmark: _Toc468033729][bookmark: _Toc468033902][bookmark: _Toc468038496]Acute coronary syndrome (ACS), a term that encompasses myocardial infarction and unstable angina, most commonly occurs as a result of thrombotic complications at the site of atherosclerotic plaques (Ambrose et al., 1988, Falk et al., 1995). Autopsy studies have shown that around 70% of ACS occurs as a result of rupture of the fibrous cap exposing the lipid core, with the bulk of the remaining cases due to erosion of the plaque surface (Burke et al., 1997, Arbustini et al., 1999, Schaar et al., 2004) and a small proportion due to calcified nodules disturbing the fibrous cap (Virmani et al., 2000). Both plaque rupture and erosion lead to exposure of underlying prothrombotic contents, including tissue factor expressed on the surface of macrophages, resulting in thrombus formation at the site of the plaque (Davies and Thomas, 1984), as shown in figure 2.  

The central importance of plaque rupture to the pathogenesis of ACS has led to the concept of a “vulnerable” plaque that is prone to rupture (Brown et al., 1993, Yla-Herttuala et al., 2011). Human autopsy studies have shown that the characteristic features of a vulnerable plaque include large plaque size, large necrotic core, neovascularisation with intraplaque haemorrhage and increased adventitial inflammatory infiltration (Narula et al., 2008, Zhou et al., 1999, Falk et al., 1995). The fibrous caps of vulnerable plaques are thin (<50-60 micrometres), heavily infiltrated by macrophages but with low smooth muscle cell density and low collagen content (Burke et al., 1997, Kolodgie et al., 2001, Bennett, 1999). 

[bookmark: _Toc468072868]Figure 1.2 Pathogenesis of acute coronary syndrome.
2A shows an advanced atherosclerotic plaque. The lipid rich core contains lipid droplets, inflammatory cells and collagen fibres. This lipid core is covered by a fibrous cap made up of vascular smooth muscle cells and collagen fibres. 2B shows the consequences of atherosclerotic plaque rupture. Disruption of the fibrous cap reveals underlying pro-thrombotic material within the lipid core, resulting in thrombus formation at the site of the plaque and the development of acute coronary syndrome. 

Specific cholesterol ester species such as cholesteryl-stearate have also been associated with plaque instability (Stegemann et al., 2011). Spontaneous plaque rupture has been demonstrated in the brachiocephalic artery of Apolipoprotein E deficient mice fed a High Fat Rodent Diet (21% lard, 0.15% cholesterol) from 8 weeks of age, with evidence of  plaque rupture appearing in as little as 8 weeks of high fat feeding  (Johnson et al., 2005). However, a mouse model of spontaneous coronary artery plaque rupture leading to myocardial infarction is not available. This has represented an obstacle to further progress in this area, particularly as the interplay between haemodynamic factors and plaque structural integrity has therefore been difficult to investigate. 
[bookmark: _Toc468038497][bookmark: _Toc468051661]1.3.1 Inflammatory cell regulation of plaque vulnerability
Although the specific triggers for plaque rupture have not been identified, it has become increasingly apparent that inflammatory cells, particularly macrophages and T-lymphocytes, play a vital role in the transition from stable to vulnerable plaque (Yla-Herttuala et al., 2011). The majority of T-lymphocytes within atherosclerotic plaques are CD4+ T-helper (Th) lymphocytes, although other subsets including  CD8+ lymphocytes are also present (Hansson et al., 2006). Dendritic cells within atherosclerotic plaques can take up plaque-derived antigens and then migrate to draining lymph nodes and present these antigens to naïve T lymphocytes. This results in clonal expansion of T cells which recognise these antigens. Following entry into the atherosclerotic plaque, further antigen-induced activation of these T-lymphocytes occurs.  Autoantigens likely to be responsible for this clonal expansion of T-lymphocytes, include LDL and heat-shock protein (hsp) 60 (Hansson and Hermansson, 2011). Plaque destabilisation requires CD4 T-helper lymphocytes within plaque switching from their Th0 baseline state to pro-inflammatory Th1 lymphocytes (Methe et al., 2005, Tedgui and Mallat, 2006). A predominantly Th1 immune response has been demonstrated in both animal and human atherosclerosis and inhibition of Th1 cell differentiation leads to a marked reduction in lesion formation (Laurat et al., 2001). Th1 differentiation is stimulated by pro-inflammatory mediators which are commonly found in plaques including IL-12 (Yla-Herttuala et al., 2011, D'Elios et al., 2011). Renewed activation of Th1 lymphocytes by autoantigens within the plaque further promotes the release of pro-inflammatory cytokines, in particular IFN-  and TNF. The resulting high levels of IFN- within the plaque induces macrophage activation with subsequent release of more pro-inflammatory cytokines including TNF- and IL-6, together with reactive oxygen species which promote oxidation of LDL (Gordon and Taylor, 2005, Stout and Suttles, 2004). IFN-  also leads to upregulation of leucocyte adhesion molecules on endothelial and smooth muscle cells and inhibits smooth muscle cell collagen formation, thereby promoting a more unstable plaque phenotype. The activated macrophages also secrete extracellular proteases including matrix metalloproteinases (MMPs) which are able to degrade collagen, leading to thinning and loss of tensile strength of the fibrous cap (Newby, 2008). These proteases promote smooth muscle cell apoptosis and encourage migration of macrophages into the plaque, thereby increasing the size of the lipid core and further destabilising the plaque (Newby, 2006). Mast cells activated within advanced plaques also release a variety of mediators including histamine, thromboxane, serotonin and serine proteases and contribute towards a pro-inflammatory environment (Kaartinen et al., 1994).  

While Th1 cells have been clearly characterised as promoting atherosclerosis and plaque vulnerability, the role of Th2 cells is much less clear. Th2 cells release predominantly anti-inflammatory cytokines including IL-4 and IL-5 and were previously thought to inhibit atherosclerosis. However, studies using murine models of atherosclerosis have proved inconclusive. Genetically programmed bias towards a Th2 response in ApoE-/- mice (BALB/c) resulted in a reduction in plaque formation compared to Th1-biased mice (C57BL/6) (Schulte et al., 2008). Atherosclerotic lesion formation has also been shown to decrease following Th2 differentiation through IL-5 dependent IgM production specific for oxLDL (Binder et al., 2004).  However, other studies have found IL-4 deficiency had no effect on atherogenesis. Further complicating the picture are studies of both LDLR-/- and ApoE-/- mice which reported that IL-4 deficiency attenuated lesion formation (King et al., 2007, King et al., 2002, Davenport and Tipping, 2003), all of which suggests that the role of Th2 cells in atherosclerosis may be complex.   

Th17 cells have recently been shown to exist within atherosclerotic plaques although their role has again been difficult to assess clearly. Th17 cell differentiation is promoted by IL-6 and transforming growth factor β (TGF-β).  The signature Th17 cytokine is IL-17 which promotes the release of pro-inflammatory cytokines by other immune cells via activation of NF-ĸB, resulting in the pro inflammatory effects of Th17 cells seen in autoimmune diseases (Bettelli et al., 2008).  However, like Th2 cells, there is conflicting evidence with regard to the effect of Th17 cells on atherosclerosis and plaque vulnerability. ApoE-/- mice have increased Th17 cells and IL-17 synthesis within their plaques (Taleb et al., 2015) and IL-17 deficiency in these mice leads to decreased lesion size (Usui et al., 2012).    Conversely, increased IL-17 production has been shown to decrease lesion formation in LDLR-/- mice. There is also evidence that IL-17 promotes a more stable phenotype in human plaques through the promotion of collagen expression  (Taleb et al., 2009, Gistera et al., 2013). 

Regulatory T cells (Treg cells) produce the anti-inflammatory cytokines TGF-β and IL-10 and are found in low numbers in human atherosclerotic plaques. Evidence from mouse models suggests that Treg cells counteract the effect of Th1 cells and a higher Treg/Th1 ratio decreases lesion formation (Heller et al., 2006, Mallat et al., 1999). As well as attenuating plaque formation, Treg cells are likely to promote plaque stabilisation through TGF-β which has direct fibrogenic effects on fibroblasts and smooth muscle cells (Foks et al., 2011, Foks et al., 2015). 

[bookmark: _Toc468038498][bookmark: _Toc468051662]1.3.2 Cell death
Macrophage apoptosis appears to play an important role in the development of a large necrotic core (Tabas, 2010), one of the hallmark features of rupture-prone plaques.  Apoptosis occurs during both early and late stages of plaque formation, but its functional effect changes as atheromas develop (Tabas, 2010). Studies in mice suggest that macrophage apoptosis during early atherogenesis limits plaque cellularity and progression (Liu et al., 2005, Boesten et al., 2009, Arai et al., 2005). In contrast, there is growing evidence that in advanced lesions apoptosis promotes plaque necrosis due to post apoptotic, or secondary, necrosis (Ball et al., 1995, Tabas, 2009). The different consequences of apoptosis during early and late stage atherosclerosis are likely to be due to impaired efferocytosis of apoptotic cells in advanced lesions (Tabas, 2010). Schrijvers et al. found that advanced human atherosclerotic lesions contained more “free” or non-macrophage associated apoptotic cells than human tonsil tissue, an organ in which efficient efferocytosis occurs, supporting the notion that phagocytic clearance of apoptotic cells in these atheromas is impaired (Schrijvers et al., 2005). Impaired efferocytosis in advanced atherosclerosis therefore likely promotes plaque necrosis by resulting in post-apoptotic macrophage necrosis (Tabas, 2009).  In early plaques, evidence suggests that efferocytosis occurs in an efficient manner and this leads to the release of anti-inflammatory cytokines including TGF-β and IL-10 (Tabas, 2010). 

The mechanisms controlling macrophage apoptosis in early lesions have not yet been characterised in detail, but those in advanced lesions are increasingly being understood. There is growing evidence that endoplasmic reticulum (ER) stress plays a key role in promoting advanced lesion macrophage apoptosis (Tabas, 2010). ER stress activates the unfolded protein response pathway (UPR) leading to increased expression of the pro-apoptotic CEBP-homologous protein (CHOP) (Zinszner et al., 1998). CHOP induces Ca2+ release from the ER, thereby triggering apoptosis (Li et al., 2009, Timmins et al., 2009). Advanced atherosclerotic lesions contain several ER stressors, including excess cholesterol within the ER membrane as a result of the accumulation of lipoprotein-derived cholesterol by macrophages. Myoishi et al conducted a study using advanced human plaques which demonstrated a close correlation between UPR marker expression, apoptosis and advanced plaque phenotype (Myoishi et al., 2007). In addition to CHOP, transgenic mouse models have implicated Niemann-Pick C1 protein, type A scavenger receptor and signal transducer and activator of transcription 1 (Stat 1) in promoting advanced lesion macrophage apoptosis and subsequent plaque necrosis (Tabas, 2010).

As well as secondary necrosis, murine models have shown that primary macrophage necrosis may also contribute to plaque instability via a receptor interacting protein (RIP) 3-dependent mechanism which is not post-apoptotic. Plaque rupture sites are commonly found to have reduced smooth muscle content and therefore smooth muscle cell apoptosis has also been implicated in contributing to plaque instability (Hansson et al., 2015).

[bookmark: _Toc468038499][bookmark: _Toc468051663]1.3.3. Potential mechanisms of plaque rupture
Although there is a significant body of evidence regarding features of plaques that are vulnerable to rupture, to date there is relatively little understanding of the specific triggers of plaque rupture.  Furthermore, the reasons why some plaque-rupture events lead to thrombus formation while others do not remain largely unknown. Inflammatory mechanisms play an important role in regulating the integrity of the fibrous cap. Compared to intact plaques, ruptured plaques have higher levels of inflammatory cell infiltration, in particular monocytes/macrophages, T cells, mast cells and eosinophils. These cells show evidence of activation and are most commonly localised to the shoulder regions of fibrous caps, the lipid core and the adjacent adventitia (van der Wal et al., 1994, Laine et al., 1999). 

The innate immune system may play a major role in triggering plaque rupture. Patients with unstable angina demonstrate widespread neutrophil activation in their coronary circulation (Buffon et al., 2002).  Telomerase activity in coronary plaque neutrophils is higher in patients with unstable angina compared to stable angina, suggestive of increased neutrophil lifespan in unstable plaques (Narducci et al., 2007). ACS is also associated with an intense but short-lasting burst of neutrophil activation (Maugeri et al., 2012). Macrophages are also likely to be involved in the breakdown of the fibrous cap largely through their release of matrix metalloproteinases (MMPs) which can degrade all extracellular matrix components. Regulation of MMP production and activation occurs at the level of gene transcription and also involves the release of tissue inhibitors of MMPs (TIMPS) (Nikkari et al., 1995, Xu et al., 1999, Rajavashisth et al., 1999).  T cell activity also influences fibrous cap integrity, as Th1 cell associated IFN- release leads to macrophage activation together with reduced smooth muscle differentiation and pro-collagen-1 gene expression. As discussed, Th1 cell activity is likely counteracted by Treg cells through their release of TGF-β which has plaque stabilising properties. 

It is important to note that a significant proportion of ACS patients show no evidence of systemic inflammation at the time of presentation. One study of patients with ST elevation MI found 41% had a high sensitivity C-reactive protein level of <2mg/l (Cristell et al., 2011). Furthermore, prospective studies of plaques radiologically identified as “high risk” suggest   that relatively few of them go on to become culprit lesions. These findings have led to increased interest in a role for non-inflammatory triggers for plaque rupture, in particular biomechanical forces (Brown et al., 2016). Increased plaque structural stress (PSS), the stress located within the body of the plaque itself, has long been suggested as a vital mechanism contributing to plaque rupture. Idealized 3D plaque models suggest that reduced fibrous cap thickness and increased necrotic core size results in increased PSS (Loree et al., 1992, Teng et al., 2010).  Clinical studies using coronary artery specimens have shown increased PSS in ruptured plaques compared to stable lesions. High PSS levels may directly result in a more unstable plaque phenotype by promoting macrophage accumulation, MMP release and intraplaque haemorrhage through neovessel rupture (Lee et al., 1996, Teng et al., 2012).  Modelling of the coronary arterial wall of patients using intravascular ultrasound (IVUS) found that plaque rupture sites co-localised with peak PSS sites (Ohayon et al., 2001).  High wall shear stress (WSS), the parallel drag force produced by blood flow across the endothelial surface, may also promote plaque rupture (Wentzel et al., 2012).  Emotional or physical stress could trigger plaque rupture through the biomechanical effects of sympathetic nervous system activation and subsequent tachycardia and coronary vasoconstriction. This mechanism may explain the increased risk of ACS during physical activity (Newby, 2010).

[bookmark: _Toc468038500][bookmark: _Toc468051664]1.3.4 Plaque erosion
Evidence from human post mortem studies suggests that approximately one-third of ACS episodes occur as a result of plaque erosion with no signs of rupture, characterised by denuded endothelium over pathological intimal thickening.  Plaque erosion more commonly occurs in relatively young people, particularly women, and is estimated to be the underlying pathology in over 80% of coronary thrombosis episodes in women under the age of 50. These plaques tend to differ from rupture-prone plaques in that they have less inflammatory infiltration, smaller necrotic cores and an abundance of proliferating smooth muscle cells (Virmani et al., 2006). Relatively little is known about the mechanisms underlying plaque erosion although neutrophil activation may be an important mediator. ACS patients with underlying plaque erosion have higher levels of systemic myeloperoxidase (MPO) than plaque rupture patients, while thrombi superimposed on eroded plaques have a higher density of MPO-positive cells than on ruptured plaques (Ferrante et al., 2010). TLR 2 is abundantly expressed by endothelial cells overlying atherosclerotic plaques and its ligation leads to endothelial apoptosis. This process is promoted by neutrophils which have been shown to infiltrate sites of fatal plaque erosion (Edfeldt et al., 2002, Quillard et al., 2015). Similar to plaque rupture, non-inflammatory mechanisms such as vasosopasm and shear stress have also been implicated in inducing endothelial erosion (Sumi et al., 2010). 

[bookmark: _Toc468038501][bookmark: _Toc468051665]1.4 Community acquired pneumonia
Community acquired pneumonia is a syndrome characterised by acute infection of the lungs in patients who have not recently been hospitalised (Musher and Thorner, 2014). Most definitions of CAP require the development of acute symptoms suggestive of lung infection such as cough, fever and shortness of breath, together with clinical signs and chest imaging consistent with lung consolidation. Pneumonia has long been recognised as a major cause of mortality and morbidity worldwide. The Global Burden of Disease Study found that lower respiratory tract infections were the second most common cause of deaths in 2013 with an age-standardised death rate of 41.7 (95% CI 37.1-44.1) per 100, 000 population (Study, 2015). With regard to age, the highest incidence rates are found in children under the age of 5 years and adults aged 65 and over. The economic burden imposed by CAP is significant, with an estimated annual cost of €10.1 billion in Europe alone, a figure which is likely to rise due to ageing populations and growing antimicrobial resistance (Welte et al., 2012). 

Pneumonia can be caused by a broad range of pathogens including bacteria, viruses and fungi. Streptococcus pneumoniae is the most commonly identified pathogen causing CAP worldwide, detected in 27% of cases, while in Europe the figure is approximately 35% (Said et al., 2013, Welte et al., 2012). Other common bacterial causes of CAP include Haemophilus influenzae, Mycoplasma pneumoniae, Legionella and Chlamydophila spp. Improvements in diagnostic techniques, particularly the use of polymerase chain reaction (PCR) assays, has increased the isolation of viruses in patients with CAP.  During outbreaks of influenza infection, the virus becomes the main cause of CAP requiring hospitalisation, although secondary bacterial infections are also a major contributor (Sheng et al., 2011). Other respiratory viruses such as parainfluenza virus and human metapneumovirus are also often isolated in CAP patients, although it may be difficult to conclude that the identified virus is the main cause of the disease as it may simply be colonising the upper respiratory tract or be the trigger for a secondary bacterial infection.  Up to 20% of CAP cases with confirmed bacterial pneumonia have been found to have respiratory virus coinfection. It should be noted that in resource-rich settings, no cause is identified in almost 50% of patients hospitalised for CAP (Musher et al., 2013, Johnstone et al., 2008).

[bookmark: _Toc468038502][bookmark: _Toc468051666]1.4.1 Streptococcus pneumoniae
Streptococcus pneumoniae (the pneumococcus) was first identified in 1881 and is the leading cause of community-acquired pneumonia and bacterial upper respiratory tract infections. In 2013 there were an estimated 63,000 primary care consultations for pneumococcal otitis media and 40,000 hospital admissions for pneumococcal pneumonia in the UK (Public Health England 2013). It is also a major cause of morbidity and mortality worldwide, with the highest incidence rates occurring in the developing world. In addition to causing infection of the respiratory tract, pneumococcus can also cause invasive disease by spreading to normally sterile body sites. These include the blood, pleural space, the meninges and cerebrospinal fluid and therefore pneumococcus can cause bacteraemia, empyema and meningitis, all of which are classified as invasive pneumococcal disease (IPD). In Europe, reported annual incidence rates of IPD range from 11 to 27 per 100,000 population (Drijkoningen and Rohde, 2014), with approximately 5000 IPD cases in the UK annually (Public Health England 2013).  Rates of pneumococcal disease are highest in the very young and the elderly (<2 and >65 years old). Other risk factors for IPD include asplenia (functional and anatomical), diabetes mellitus, alcoholism, chronic lung, liver, renal or cardiovascular disease and influenza infection. Primary immunodeficiencies, (eg. complement or immunoglobulin deficiency) and other immunocompromised states (eg. HIV infection) also predispose to IPD. Crowding, poverty, proton pump inhibitors and cigarette smoking are also thought to contribute to the risk of pneumococcal disease (van der Poll and Opal, 2009). The development of effective anti-pneumococcal vaccinations has been an important strategy in disease prevention. The first vaccine to be developed was the 23 valent pneumococcal polysaccharide vaccine (PPV23), containing capsular material from 23 pneumococcal serotypes. PPV23 has been used in adults for many decades but is poorly immunogenic in children under the age of 2 years old. A more recent development has been the introduction of the pneumococcal conjugate vaccine, initially a 7-valent vaccine (PCV 7) but since replaced by a 13 valent vaccine (PCV 13) which contains capsular polysaccharides from the 13 serotypes that most commonly cause disease. These polysaccharides are covalently linked to a protein which is almost identical to diphtheria toxin, and this covalent linkage renders the polysaccharides immunogenic in young children. Since the introduction of PVC 7 and 13, IPD from serotypes covered by these vaccines have decreased significantly in children under the age of 2 years and has also decreased in those over 65, likely due to herd immunity (Public Health England 2013). 

Despite the widespread use of antimicrobial drugs and the implementation of anti-pneumococcal vaccine schedules, mortality rates from IPD have remained largely unchanged at approximately 20% over the last 50 years (Rello et al., 2010). Although antimicrobial resistance is a significant problem, most pneumococcal-related mortality occurs despite appropriate antimicrobial therapy (Blasi et al., 2012). It is therefore reasonable to propose that much of the mortality related to this disease is a consequence of sub-optimal host immune responses and subversion of these responses by the pathogen.  


[bookmark: _Toc468038503][bookmark: _Toc468051667]1.4.2 The pathogenesis of Streptococcus pneumonia infection
Streptococcus pneumoniae is a Gram positive, encapsulated alpha-haemolytic bacterium. It is a facultative anaerobe, growing best in 5% CO2, and requires a source of catalase, such as blood, to be able to grow on agar plates. Pneumococci generally appear as diplococci on a Gram stain and their sensitivity to optichin can assist their identification in the laboratory.  In humans, pneumococcus can manifest itself in a variety of ways, including asymptomatic nasopharyngeal carriage, mild upper respiratory tract infections such as otitis media, and severe invasive disease. This spectrum of disease reflects the array of virulence factors that the bacterium has at its disposal. 

The most important pneumococcal virulence factor is the polysaccharide capsule, of which over 90 different serotypes have been identified. Strain-specific variations in the composition of the capsule endow each serotype with different virulence properties. The capsule plays an important role during colonisation of the respiratory tract and is also implicated in invasion and dissemination. It prevents mucosal clearance, and possesses significant antiphagocytic properties, in part due to its highly negative charge which prevents interactions with phagocytic receptors (van der Poll and Opal, 2009). 

Asymptomatic colonisation of the nasopharynx often  precedes disease progression and is an important feature of pneumococcal pathogenesis.  Carriage rates of up to 40% in children and 4-15% in adults have been reported in developed countries and the predominating serotypes vary between geographical regions. (Austrian, 1986, Regev-Yochay et al., 2004). After entering the nasopharyngeal cavity, the polysaccharide capsule prevents pneumococci from becoming trapped in mucous, and allows the bacteria to reach the epithelium. Many pneumococcal surface proteins mediate adhesion to nasopharyngeal epithelial cells, including choline-binding protein A (CbpA) which binds to the human polymeric immunoglobulin receptor (Hammerschmidt et al., 1997). Different pneumococcal ligand-host receptor pairings occur at different anatomical sites, for example the bacteria often binds to sialic acid in the Eustachian tube and nasopharynx, whereas the disaccharide N-acetylgalactosamine β1-4 galactose is a prominent ligand in the lower respiratory tract. Colonisation is also promoted by various enzymes, such as β-glucosidase and β-N-glucosaminidase, which cleave terminal sugars from human cell glycoconjugates, thereby exposing receptors that allow pneumococcal adherence. Pneumococci can also produce robust biofilms in the upper respiratory tract, the formation of which is regulated by exogenous cues such as variations in temperature (Henriques-Normark and Tuomanen, 2013).  Comparisons of isolates identified  during invasive disease and those most commonly reported in colonisation studies suggest that the capsular serotypes differ in their ability to colonise the nasopharynx and also in their potential to cause invasive disease (Brueggemann et al., 2004).  Certain serotypes, such as 1, 4 and 7F have a relatively high invasive disease potential, while others including 6A and 23F cause invasive disease at lower rates, although it should be noted that very few serotypes cause carriage only.  These differences are largely due to the different combinations of virulence factors expressed by individual serotypes, together with serotype-specific characteristics of the capsule. Patients in whom a strain with low invasive potential has caused disease often have an underlying predisposition to pneumococcal infection (Sjostrom et al., 2006). 

The pathogenesis of pneumococcal pneumonia has been studied in greater detail than any other manifestation of pneumococcal disease. Micro-aspiration of pneumococci from the nasopharynx allows the bacteria to enter the lower respiratory tract and eventually the alveoli.   The development of pneumonia requires firm adherence of pneumococci to the alveolar epithelium, followed by replication, and is driven by the interaction between bacterial virulence factors and the host innate immune system. Release of hydrogen peroxide and the pore forming toxin pneumolysin by the bacteria can disrupt the alveolar epithelium, allowing oedema to accumulate in the alveolar space (Canvin et al., 1995). Bacterial adhesion to the alveolar epithelium is mediated through several protein adhesins such as the LPxTG proteins, choline binding proteins and also pili (Lofling et al., 2011).  The pneumococcal capsule and pneumococcal surface proteins (Psp) A and C may also reduce both classical and alternative pathway complement activation (Kadioglu and Andrew, 2004, Yuste et al., 2005). The importance of the role of complement in the defence against pneumococcal infection is illustrated by the finding that complement (C3) deficient patients are prone to developing recurrent pneumococcal infections (Paterson and Orihuela, 2010).  Both complement and bronchioalveolar fluid IgG contribute to opsonic phagocytosis of bacteria by the alveolar macrophage (AM) (Ali et al., 2003, Endeman et al., 2009), while AM scavenger receptors including SR-A may mediate phagocytosis of non-opsonised pneumococci (Arredouani et al., 2006). 

[bookmark: _Toc468038504][bookmark: _Toc468051668]1.4.3 The role of the alveolar macrophage during S. pneumoniae infection
Murine models of pneumococcal pneumonia have demonstrated the importance of the AM in the host immune response to pneumococci. The AM can clear a low dose inoculum of pneumococcus instilled into the lungs via the trachea without recruitment of neutrophils (Dockrell et al., 2003). Ingestion of opsonised bacteria by AM facilitates fusion of the pneumococcal containing phagosome with a lysosome, thereby creating a phagolysosome in which the bacteria are killed (Gordon et al., 2000). Depletion of AM in mouse models results in higher lung bacterial loads and the need to recruit neutrophils in order to control the infection (Dockrell et al., 2003). The killing of pneumococci in the AM phagolysosome is mediated by the generation of NO and reactive nitrogen species (Marriott et al., 2004, Bewley et al., 2011b), although AM do not possess the extensive phagocytic arsenal of neutrophils and lack some of the more potent reactive oxygen species. Macrophages also require activation through their PRRs interacting with bacteria or by CD4 and CD8 T cell stimulation (Mantovani et al., 2004, Mosser and Edwards, 2008). These features of the innate immune response to pneumococcal disease mean that the pneumococcal killing capacity of the AM can be overwhelmed, particularly by a relatively high inoculum of bacteria entering the alveolar spaces (Dockrell et al., 2003).  Murine studies have shown that once the maximum AM killing capacity is reached, the macrophages release pro-inflammatory and neutrophil chemotactic cytokines including IL-1, IL-6 and IL-8. Bacterial growth in the alveoli and neutrophil recruitment set in motion a process that results in lung tissue injury and further recruitment of lymphocytes and monocytes.  Around 3-4 days post infection, the alveolar architecture is lost and analysis of BAL fluid reveals high levels of nitric oxide. This tissue damage allows translocation of pneumococci from the alveolar spaces in to the bloodstream resulting in bacteraemia (Calbo and Garau, 2010). The recruitment of neutrophils, although vital for the control of bacterial replication, may therefore result in significant collateral damage of the lung parenchyma due to the action of antimicrobial factors such as NADPH (nicotinamide adenine dinucleotide phosphate) oxidase-derived ROS (Marriott et al., 2008). In addition to phagolysosomal mediated killing, the AM can initiate its own apoptosis thereby helping to kill any persisting pneumococci (Dockrell et al., 2003). This apoptotic response serves a dual purpose by not only destroying pneumococci but also limiting the proinflammatory signals derived from the AM and therefore inhibiting neutrophil recruitment and subsequent lung damage. 
[bookmark: _Toc468038505][bookmark: _Toc468051669]


1.4.4 Invasive S. pneumoniae disease
Streptococcus pneumoniae and a variety of other respiratory pathogens have evolved to develop a common strategy that mediates the progression from mucosal infection to bacteraemia. This strategy has been termed “innate invasion” and an important host receptor enabling this process is platelet activating factor receptor (PAFr) (Thornton et al., 2010, Cundell et al., 1995). The main ligand for PAFr is phosphorylcholine which is a component of platelet activating factor but which is also found on the pneumococcal cell wall. Therefore by employing molecular mimicry, pneumococcal surface phosphorylcholine can bind with PAFr, and this results in uptake of pneumococci into a vacuole that can traffic across the host cell and release the bacteria into the bloodstream (Radin et al., 2005). PAFr knockout mice and mice given PAFr antagonists are less likely to develop bacteraemia following pneumonia as compared to wild type mice due to impaired translocation of bacteria across the epithelial barrier.  The crucial Phosphorylcholine-PAFr binding step is competitively inhibited by C-reactive protein (CRP) which can bind to phosphorylcholine and in doing so helps to prevent bacterial invasion (Gould and Weiser, 2002). Further competitive inhibition of this step is mediated by surfactant, which contains abundant phosphorylcholine and can bind to PAFr thereby inhibiting bacterial uptake by host cells. 
Pneumococci are able to use regulatory mechanisms to alter the composition of their capsule in response to different host environments. This phase variation plays a role in enabling the bacteria to avoid host defences. For example, as pneumococci transit from the alveoli to the bloodstream, they express less surface phosphorylchine and are therefore less likely to bind and be opsonised by C-reactive protein in the blood (Weiser et al., 1994). 

[bookmark: _Toc331541560][bookmark: _Toc468032882][bookmark: _Toc468038506][bookmark: _Toc468051670]
1.5 Evidence that Infection triggers ACS from Clinical Studies
[bookmark: _Toc468032883][bookmark: _Toc468038507]A significant body of evidence from clinical studies supports the notion that acute respiratory tract infections can trigger ACS. Several studies which have retrospectively analysed data from large primary care databases have shown that the risk of ACS increases significantly in the first few days after a respiratory tract infection, before falling slowly back to baseline risk over a period of several weeks (Meier et al., 1998, Clayton et al., 2008, Smeeth et al., 2004). Smeeth et al. utilised the UK General Practice Research Database and with a sample size of 20,921 found that the incidence rate ratio for myocardial infarction was 4.95 (95% confidence interval 4.43-5.53) on days 1-3 post diagnosis of respiratory tract infection, and was still significantly raised at 1.4 (1.33-1.48) in the period 29-91 days post infection (Smeeth et al., 2004). In this study, acute respiratory tract infection was defined as any episode of pneumonia, acute bronchitis, chest infection or influenza, and within-person comparisons were performed using the case-series method. Studies of patients hospitalised with bacteraemic and non-bacteraemic S. pneumoniae pneumonia have reported that 5-7% of these patients fulfilled the criteria for a diagnosis of acute myocardial infarction at the time of admission, suggesting events may precede hospital admission (Musher et al., 2007, Musher et al., 2000). One of the limitations of some of these studies is the lack of a control group of patients hospitalised for reasons other than pneumonia. Higher rates of up to 15% have been reported in patients with severe community-acquired pneumonia (CAP) (Ramirez et al., 2008).

Hospitalisation for CAP is associated with a clinically significant number of cardiovascular events occurring during the hospital admission. Corrales-Medina et al found that during the first 15 days after hospital admission, 10.7% of patients with S. pneumoniae or Haemophilus influenzae pneumonia developed ACS (Corrales-Medina et al., 2009).  This represented an almost eight fold increase in risk of ACS when compared to a control group of patients admitted for reasons other than pneumonia. Much lower rates have also been reported including one study which found an incidence rate of myocardial infarction of only 1.5% in the 90 days after hospitalization for pneumonia (Perry et al., 2011). Direct comparisons between these studies are complicated by differences in population groups and diagnostic criteria used for both pneumonia and myocardial infarction.  A meta-analysis of six published cohorts of CAP patients found a pooled incidence rate of 5.3% for ACS (Corrales-Medina et al., 2011).   Many of the studies reporting rates of ACS following pneumonia measured troponin levels only after symptoms suggestive of ACS developed or only at 1 time point. As a result, they may have underestimated the true rate of these events.  Cangemi et al. reported a particularly high rate of post pneumonic ACS (11%) after patients hospitalised with pneumonia had troponin levels measured 12 hourly for several days together with daily ECGs regardless of symptomology. Most of the myocardial infarction (MI) episodes in this study were non ST elevation MIs and 94% of them were “silent,” having been diagnosed in the absence of chest pain (Cangemi et al., 2014). 

An increased risk of cardiovascular disease in the first 30 days following a respiratory tract infection has been a consistent finding in these observational studies. However, few studies have examined the long term risk of cardiovascular disease following pneumonia. A prospective, observational study of elderly people found that in patients hospitalised for pneumonia there was a 2 fold increase in risk of mortality from coronary heart disease over 5 years after infection. However, the authors did not adjust for cardiovascular risk factors present prior to the pneumonia episode (O'Meara et al., 2005). A more recent matched cohort study which more rigorously adjusted for confounders still found a long term increased risk of cardiovascular disease, with an increased hazard ratio of 1.54 (0.74-2.34) for CVD found in the period between 9-10 years following pneumonia (Corrales-Medina et al., 2015).

[bookmark: _Toc331541561]Many of these clinical studies examine the impact of CAP, or respiratory tract infection in general, on cardiovascular risk and therefore predominantly will involve patients with a mix of infections. There are however studies which have focused specifically on the relationship between influenza virus infection and ACS. It has long been recognised from epidemiological studies that the incidence of acute myocardial infarction increases during influenza epidemics (Warren-Gash et al., 2009). Observational data has mainly come from case control studies, and these have provided somewhat mixed results. Two case-control studies examining the relationship between recent clinically-defined “influenza-like” illness and acute myocardial infarction reported a statistically significant positive association (Mattila, 1989, Pesonen et al., 2008), while another two found a slightly positive, but not statistically significant, association (Nicholls and Thomas, 1977, Ponka et al., 1981).  Case-control studies which more accurately defined influenza exposure by the development of an influenza virus antibody response in paired acute and convalescent serum samples did not demonstrate a significant association between influenza infection and acute myocardial infarction (Nicholls and Thomas, 1977, Ponka et al., 1981, Mattila, 1989). More convincing evidence for a link between influenza infection and ACS comes from vaccination studies, as discussed below.

[bookmark: _Toc468032884][bookmark: _Toc468038508][bookmark: _Toc468051671]1.6 Mechanistic Links Between Infection and ACS
[bookmark: _Toc331541562][bookmark: _Toc468032885][bookmark: _Toc468038509][bookmark: _Toc468051672]1.6.1 Systemic Inflammation
Growing evidence that systemic inflammation plays a role in the development of acute coronary events supports a link between acute respiratory tract infections and ACS. Patients with systemic inflammatory disorders such as rheumatoid arthritis have long been recognised as having increased rates of cardiovascular morbidity and mortality (Roifman et al., 2011).  More specifically, inflammatory markers are raised in patients with acute coronary syndromes and CRP and IL-6 in particular have been found to be independent risk factors for future ACS (Ridker et al., 1998, Ridker et al., 2003, Nishida et al., 2011, Ikeda et al., 2001). A significant proportion of patients who develop ACS have none of the traditional risk factors for coronary artery disease, such as hyperlipidaemia or hypertension (Khot et al., 2003). In addition to lowering cholesterol, statins are able to reduce levels of inflammatory biomarkers for cardiovascular disease including CRP (Ridker et al., 1999, Albert et al., 2001). Results from the JUPITER trial revealed that in asymptomatic persons with low cardiovascular risk, as defined by normal LDL levels, but raised highly sensitive CRP levels, rosuvastatin reduced the incidence of cardiovascular events (Ridker et al., 2008). It seems likely therefore that the anti-inflammatory effects of statins contribute significantly to their ability to reduce the risk of cardiovascular events.   

Angiography and intravascular ultrasound studies have shown that many patients with ACS have numerous disrupted coronary plaques (Goldstein et al., 2000, Rioufol et al., 2002) and this suggests there is a systemic trigger for plaque rupture as opposed to only local factors being involved (Biasucci et al., 2008). That this systemic trigger is inflammation is supported by the finding that patients with ACS have much more diffuse coronary and myocardial inflammation than those with stable cardiovascular disease (Buffon et al., 2002, Abbate et al., 2004). It is therefore biologically plausible that the systemic inflammatory response to respiratory infections could lead to disruption of atherosclerotic plaques, thereby triggering ACS. 

CAP and influenza infection are associated with a marked increase in circulating levels of IL1-β, TNF-, IL-6 and other pro-inflammatory cytokines (Puren et al., 1995, Glynn et al., 1999, Moussa et al., 1994, Julkunen et al., 2001) and therefore may give rise to a systemic inflammatory trigger for ACS.  Many of these cytokines are key mediators of atherosclerosis, and their effects include enhanced monocyte adhesion to arterial vessel walls, macrophage activation and smooth muscle cell proliferation. Additionally, raised pro-inflammatory cytokine levels can persist after resolution of the clinical signs of CAP and high IL-6 levels at hospital discharge are associated with lower 1 year survival following pneumonia (Yende et al., 2008). The persistent inflammation following acute respiratory tract infections may explain the finding of increased risk of ACS several weeks after an episode of respiratory tract infection.  

[bookmark: _Toc331541563][bookmark: _Toc468032886][bookmark: _Toc468038510][bookmark: _Toc468051673]1.6.2 Atherosclerosis and the host immune response to respiratory tract infection 
In addition to inducing systemic cytokine release, respiratory tract pathogens may have a more direct effect on atherosclerotic plaque cells. As previously described, activation of macrophages to a pro-inflammatory phenotype and Th1 differentiation of T helper lymphocytes promote plaque destabilisation, while macrophage apoptosis in advanced plaques contributes to the development of a necrotic core. Respiratory tract organisms can interact with the host immune response such that the development of these inflammatory cell phenotypes is promoted.  

In addition to their important role in atherosclerosis outlined above, macrophages are a key component of the innate immune response to infection. A variety of bacteria, including respiratory tract pathogens, have been shown to influence macrophage polarization (Benoit et al., 2008). Studies using human macrophages have demonstrated that bacterial infection most commonly results in up-regulation of genes involved in macrophage activation, including genes encoding pro-inflammatory cytokines such as TNF-, IL-12 and IL-1β (Benoit et al., 2008). Phagocytosis of S. pneumoniae by human MDMs results in up-regulation of inducible nitric oxide synthase (iNOS), a marker for “classical” activation (Marriott et al., 2004), while Legionella pneumophila infection of murine macrophages can also induce “M1” polarization (Plumlee et al., 2009). Microorganisms may also influence macrophage polarization indirectly by promoting Th1 lymphocyte differentiation and the release of Th1 cytokines, which enhance “classical” macrophage activation.  A variety of bacterial components are able to induce IL-12 production by macrophages, including teichoic acids of Gram positive bacteria and lipopolysaccharides of Gram negative bacteria, thereby promoting a Th1 response (Hamza et al., 2010). This suggests systemic translocation of microbial components could be sufficient to drive localized pro-inflammatory cytokine expression. Viral components are also able to induce IL-12 release by macrophages, and influenza A infection in humans has been shown to result in a predominantly Th1 cytokine response (Hama et al., 2009, D'Elios et al., 2011, Julkunen et al., 2001). 

During S. pneumoniae infection, once macrophages’ initial killing capacity has been exhausted, the induction of macrophage apoptosis enhances bactericidal activity (Dockrell et al., 2003). Following internalization by macrophages, S. pneumoniae has been shown to stimulate phagolysosomal membrane permeabilization and cytosolic translocation of activated cathepsin D, thereby triggering macrophage apoptosis (Bewley et al., 2011a, Bewley et al., 2011b). Activation of similar responses in macrophages in plaques could adversely influence plaque stability. Microbial antigens may also be involved in the activation of plaque T-lymphocytes. Human atherosclerotic plaque T-lymphocytes have been shown to react to Chlamydophila pneumoniae, influenza A as well as microbial Hsp 65/60 (Keller et al., 2008, de Boer et al., 2000, Mosorin et al., 2000, Metzler et al., 1999, Choi et al., 2002). The antigenic profiles of eukaryotic and bacterial Hsp 60 are very similar, and therefore it has also been suggested that microbial infection may trigger T-lymphocyte activation in human plaques by molecular mimicry (Hansson and Hermansson, 2011). An overall 55% homology exists between human and bacterial HSP60, with up to 72% homology at certain domains of the 573-amino-acid-long molecule (Grundtman et al., 2011). 

[bookmark: _Toc331541564]Although much of this evidence supports a potential mechanistic link between respiratory infection and ACS involving the immune system, the host response to severe respiratory tract infection primarily involves inflammatory activity within the lungs and the peripheral circulation, and therefore a key question remains: do acute respiratory infections cause localised inflammatory changes within atherosclerotic plaques? Evidence in support of this phenomenon is beginning to emerge. 
[bookmark: _Toc468032887][bookmark: _Toc468038511][bookmark: _Toc468051674]
1.6.3 Localised vascular inflammation
Despite evidence that there may be numerous disrupted plaques there is usually only a single atherosclerotic lesion implicated in causing a myocardial infarction, so although systemic inflammation may trigger acute coronary events, this is likely modified via localised changes in the composition and structure of individual plaques (Biasucci et al., 2008). Acute infections have been shown to lead to focal inflammatory effects within atherosclerotic plaques and coronary vessels. Madjid et al. performed an autopsy study of atherosclerotic patients comparing those with and without an infectious case of death. They found that the infection group had increased macrophage and dendritic cell density in their atherosclerotic plaques, together with increased infiltration of T-lymphocytes and macrophages within the coronary adventitia and periadventitial fat (Madjid et al., 2007). There is a paucity of data from animal models of atherosclerosis to investigate the effect of acute respiratory tract infection on plaque morphology and progression of atherosclerosis. Naghavi et al. used aged ApoE-/- mice, an established model of atherosclerosis, and infected them intranasally with influenza virus (Naghavi et al., 2003). Influenza infection led to histopathological changes in aortic atherosclerotic plaques with the development of a significant subendothelial inflammatory infiltrate, made up of macrophages and T-lymphocytes, together with smooth muscle cell proliferation. In addition, influenza infection induced platelet aggregation and in one case, subocclusive fibrin-rich thrombus was seen, changes similar to those following myocardial infarction in humans. 

Aside from systemic inflammation, another possible mechanism by which acute respiratory pathogens could conceivably cause plaque disruption and rupture is by direct infection of the plaques themselves. Influenza virus RNA was detected in the homogenized aorta of ApoE-/- mice infected with Influenza A virus (IAV), but not from spleen, blood, liver or lymph nodes 7 days after infection (Haidari et al., 2010). No RSV RNA was detected in the aorta or heart following infection of ApoE-/- mice with RSV, suggesting that vascular tropism may not be a universal feature of respiratory viruses. Furthermore, viable IAV was consistently cultured from the aorta and heart of infected ApoE-/- mice, while accompanying blood samples were often negative for viral culture. IAV infection resulted in a significant increase in circulating levels of pro-inflammatory cytokines together with increased gene expression for a variety of pro-inflammatory mediators in the aorta of the ApoE-/- mice. The recovery of live IAV in the aorta of these mice together with an associated enhancement of the inflammatory response in the arterial wall is an important finding, lending support to a proposed mechanism that implicates respiratory pathogens directly infecting the arterial wall as leading to localised inflammation and plaque destabilisation. Further studies are required to elucidate the mechanism by which IAV invades the vessel wall. Although influenza virus has been shown to be able to infect myocardial tissue (Gao et al., 1999), the virus has yet to be isolated from human arterial walls following IAV. 

Studies using broad range 16S polymerase chain reaction techniques have found that human atherosclerotic plaques also contain genetic material from a wide variety of bacteria, although these are often oral and gut commensals which infrequently cause human disease (Ott et al., 2006, Renko et al., 2008, Watt et al., 2003, Koren et al., 2011). DNA from the most common causes of CAP is infrequently found and furthermore there are very few reports of viable bacteria being isolated from human atheromas. However, it is likely that very few of the plaque samples used in these studies were obtained from patients in the immediate aftermath of a severe respiratory tract infection. These studies also do not preclude the possibility that pro-inflammatory microbial constituents, such as lipopolysaccharide or cell wall components, come in direct contact with cells that make up the plaque such as macrophages and influence their activation status.  

[bookmark: _Toc331541565]The presence of bacterial debris in plaques may to be due to macrophages encountering these organisms in the periphery prior to entering the arterial wall, and although the role of these bacterial components in the progression of atherosclerosis is unclear, this is the focus of continued investigation (Nicolaou et al., 2011). Aside from potential direct infection of plaques, the finding of bacterial debris in human plaques may be the result of recruitment to the plaque of inflammatory cells that have already encountered micro-organisms in the lung or other remote locations, leading to increased localised inflammation and atherosclerosis progression. One study found that exposure to a wide variety of bacteria commonly found in human atherosclerotic plaques induced lipid body formation and cholesterol ester accumulation in murine macrophages (Nicolaou et al., 2011). Furthermore, this effect was found to occur in a Toll-like receptor (TLR) 2 and/or TLR 4 dependent manner, giving rise to the possibility that debris from non-viable bacteria within macrophages may promote foam cell formation by interacting with TLRs.

[bookmark: _Toc468032888][bookmark: _Toc468038512][bookmark: _Toc468051675]1.6.4 Thrombosis
[bookmark: _Toc468032889][bookmark: _Toc468038513]Critical to the pathogenesis of ACS is the formation of a thrombus at the site of the involved plaque. Acute infections can lead to a prothrombotic environment by activating the coagulation system and platelets. Tissue factor is an important initiator of the coagulation cascade, converting factor X to Xa.  The inflammatory response to infection induces cytokine mediated upregulation of inducible tissue factor expression on monocytes/macrophages and patients with sepsis have been found to have high circulating levels of tissue factor (Osterud and Flaegstad, 1983, Gando et al., 2002, Schouten et al., 2008). Alveolar epithelial cells and alveolar macrophages upregulate tissue factor expression following exposure to proinflammatory stimuli (Bastarache et al., 2007) and patients with unilateral CAP have higher levels of soluble tissue factor in bronchioalveolar lavage fluid from the consolidated lung compared to the non-consolidated lung. Inhibition of tissue factor-factor VIIa complex by recombinant nematode anticoagulant protein C2 reduces the procoagulant response in the lungs of mice with pneumococcal pneumonia, without affecting host defences (Rijneveld et al., 2006).   Tissue factor availability is also increased by inflammation-related endothelial disruption that exposes constitutively expressed tissue factor within the adventitia of large arteries (Schouten et al., 2008). 

[bookmark: _Toc468032890][bookmark: _Toc468038514] Inflammation also downregulates the protein C system and other anticoagulant mechanisms (Levi et al., 2004, Shorr et al., 2006). The production of activated protein C from its inactive form is regulated by the transmembrane glycoprotein endothelial protein C receptor (EPCR). Murine models have shown that EPCR knockout mice have enhanced coagulation activation during pneumococcal pneumonia compared to wild type mice. Pro-inflammatory cytokines TNF-α and IL-1β lead to increased plasminogen activator inhibitor 1 levels resulting in inhibition of fibrinolysis, thereby contributing to a pro-thrombotic environment (van der Poll et al., 1991).

In addition to facilitating haemostasis, platelets also play a part in the early innate immune response to infection, and can therefore be activated by a variety of microorganisms (Cox et al., 2011). Activation can occur due to bacteria binding directly or indirectly to platelet membrane receptors including GPIIb/IIIa, GP1b, Complement receptors, FcRIIa or TLRs (Cox et al., 2011). For example, S. pneumoniae has been shown to induce platelet aggregation by interaction with TLR 2 (Keane et al., 2010). Platelet activation may also be mediated by the release of bacterial toxins such as the Staphylococcal superantigen-like protein 5, by proinflammatory cytokines and altered shear stress that results from infection related haemodynamic changes (de Haas et al., 2009, Lassila et al., 1990).  Respiratory virus infections also increase platelet reactivity (Kreutz et al., 2005). A small cohort of patients with H1N1 IAV infection demonstrated significantly enhanced platelet activation responses, exceeding those seen in a matched cohort of bacterial pneumonia patients (Rondina et al., 2012). ACS patients admitted to intensive care have higher levels of platelet aggregation and aspirin non responsiveness if they develop pneumonia during their admission, compared to those without an infectious complication (Modica et al., 2007). Furthermore, CAP patients who develop MI have higher systemic levels of platelet activation markers (soluble CD40 and soluble P-selectin) at the time of admission than those without ACS (Cangemi et al., 2014). Platelet activation may therefore be a crucial step in the development of post pneumonic ACS.

Under normal circumstances, the vascular endothelium prevents coagulation by expressing antithrombotic factors on its surface and releasing tissue-type plasminogen activator which induces fibrinolysis (Vallance et al., 1997). The disruption and apoptosis of endothelial cells that occurs during sepsis results in the endothelium switching to a procoagulant phenotype due to increased expression of tissue factor and release of von Willebrand factor which promote platelet adhesion to newly exposed subendothelial collagen-rich areas and platelet aggregation (Schouten et al., 2008). Conversely, proinflammatory cytokines circulating during sepsis reduce the expression of the anticoagulant proteins normally expressed on the surface of endothelial cells. 

Although it is now well established that sepsis is associated with activation of the coagulation system, studies of patients with less severe infection, including pneumonia, have also found similar effects. Subclinical endotoxaemia in healthy individuals can result in prothrombotic effects (Vallance et al., 1997, Franco et al., 2000).  Almost 90% of patients admitted with CAP have activated coagulation as evidenced by at least one of: reduced factor IX activity, increased antithrombin activity, increased thrombin-antithrombin complex, increased plasminogen activator inhibitor or increased D dimer. Coagulation abnormalities are common even in CAP patients who do not develop sepsis, although, as expected, they are more frequent in groups with severe sepsis (Milbrandt et al., 2009). Elevated levels of haemostasis markers thrombin-antithrombin complex and D dimer at the time of discharge from hospital following CAP is associated with increased 1 year cardiovascular mortality, which suggests that a persistent pro thrombotic state may contribute to late cardiovascular complications following pneumonia (Yende et al., 2011a).

Although these prothrombotic effects of infection are likely to contribute towards the development of post-infection ACS, plaque disruption remains the key event. These prothrombotic effects are likely to be of significance in the pathogenesis of ACS only once disruption of the plaque surface has occurred.  
[bookmark: _Toc331541566]
[bookmark: _Toc468032891][bookmark: _Toc468038515][bookmark: _Toc468051676]1.6.5 Haemodynamic effects 
[bookmark: _Toc468032892][bookmark: _Toc468038516]In addition to these inflammatory and prothrombotic effects, acute infection can predispose towards ACS as a result of haemodynamic changes associated with sepsis.  Peripheral vasodilatation results in reduced blood pressure which, together with reduced myocardial contractility, leads to a reduction in coronary artery perfusion pressure (Landry and Oliver, 2001). Endothelial dysfunction caused by catecholamine release and by infection itself results in further impairment of myocardial perfusion by inducing coronary vasoconstriction (Vallance et al., 1997). Severe infections also frequently lead to an increase in myocardial metabolic demands and hypoxia, which can increase the amount of myocardium vulnerable to the effects of ischemia. The overall effect of these physiological disturbances increases the likelihood that coronary plaque rupture and thrombosis will lead to ACS.

[bookmark: _Toc331541567]In summary, data from clinical studies suggesting that acute respiratory tract infections trigger ACS is supported by basic science observations linking the two events through the inflammatory, thrombotic and haemodynamic effects of acute infection. However, it is important to reiterate that these biological and physiological associations may not be the result of mechanistic causality. This is particularly the case in the absence of clear evidence defining molecular pathways by which respiratory infections might stimulate key steps in the development of vulnerable plaques. Thus, although it is intriguing to note that important processes in the innate response to respiratory infection such as activation of macrophages, T-cells and production of pro-inflammatory cytokines or proteases are also involved in the pathogenesis of vulnerable plaques, in the absence of clear molecular definition of mechanisms these associations remain speculative. 

[bookmark: _Toc468038517][bookmark: _Toc468051677]



[bookmark: _Toc331541568][bookmark: _Toc468032893]1.7 Preventative and Therapeutic Strategies
[bookmark: _Toc468038518][bookmark: _Toc468051678]1.7.1 Vaccination studies
Vaccination studies provide further evidence of a link between acute respiratory infections and ACS. In particular these support the notion that influenza infections, not just bacterial infections, are an important part of this association.  Randomised control trials have reported a reduced risk of coronary events following influenza vaccination in patients known to have cardiovascular disease. The FLUVACS study involved 301 patients, and found a significantly reduction in cardiovascular related deaths in the vaccinated group at 6 months, 1 year and 2 years follow up (hazard ratio 0.34, CI 0.17-0.71 p=0.002 at 1 year) (Gurfinkel et al., 2004). The FLUCAD study randomised 658 patients and found no significant difference in cardiovascular death between vaccinated and unvaccinated groups with median follow up of 298 days (Ciszewski et al., 2008). The estimated 12-month coronary ischaemic event rate was however significantly lower in the vaccine group (HR 0.54, CI 0.29-0.99, p=0.047). Phrommintikul et al conducted a randomized study of 439 patients recently admitted with ACS and found significantly fewer major cardiovascular events in the group vaccinated against influenza (Phrommintikul et al., 2011). In a meta-analysis of randomised control trials involving patients at high risk of cardiovascular disease, influenza vaccination was found to reduce the risk of cardiovascular events (RR 0.64 CI 0.48-0.86). This association was stronger in patients with unstable coronary artery disease than those with stable disease (Udell et al., 2013).  A more recent meta-analysis of seven case control studies also found that influenza vaccination is associated with a decreased risk of myocardial infarction (pooled OR 0.71 CI 0.56-0.91) (Barnes et al., 2015). 

However, these observed effects of influenza vaccination on acute coronary events may not just be explained by a reduction in influenza illness since the influenza vaccine also modifies rates of CAP (Nichol et al., 1998), so they do not address whether the reason for any potential association with ACS is the result of the viral infection or a secondary bacterial infection. The randomised trials to date have focused on those with established cardiovascular disease. Future studies should examine the effect of vaccination on those with cardiovascular risk factors but without established cardiovascular disease to examine whether vaccination recommendations should be widened to include this patient group. 

In addition to preventing infection episodes, vaccines may have direct, protective effects on atherogenesis and plaque composition. In a recent study, ApoE-/- mice receiving influenza vaccination had smaller atherosclerotic plaques compared to controls (Bermudez-Fajardo and Oviedo-Orta, 2011). Plaques in vaccinated animals had lower lipid content and increased collagen deposition, features which correlate with a more stable plaque phenotype.  Influenza vaccination also resulted in an anti-inflammatory plasma cytokine pattern. 

Studies examining the effect of pneumococcal vaccination on the risk of cardiovascular events have provided mixed results. One large hospital based case-control study of patients with at least one cardiovascular risk factor found that pneumococcal vaccination with the pneumococcal polysaccharide vaccine is associated with a greater than 50% decrease in the rate of myocardial infarction 2 years after immunization (Lamontagne et al., 2008).  However, Tseng et al performed a large retrospective study of men aged 45 to 69 years old which reported no significant difference in rates of myocardial infarction in patients who had received pneumococcal vaccine compared with those that had not (Tseng et al., 2010).  A major limitation of such database case-control studies is “healthy user” bias which may still persist despite attempts at adjusting for confounders. In addition, both of these studies used billing information in order to determine vaccine exposure as opposed to more accurate case note reviews.  Eurich et al reported that pneumococcal vaccination was associated with a 60% reduction in ACS events (Eurich et al., 2012).  A  case control study of patients aged 40 years or older used the UK General Practice Research Database and found that influenza vaccination but not pneumococcal vaccination was associated with reduced risk of myocardial infarction (Siriwardena et al., 2010). A prospective cohort study from China reported that dual pneumococcal and influenza vaccination resulted in a significant reduction in the number of myocardial infarctions (Hung et al., 2010). Study participants were outpatients aged 65 years or older and had at least 1 chronic illness. Analysis of the effect of both influenza and pneumococcal vaccine alone showed no significant reduction in cardiac events. A more recent prospective cohort study of  individuals ≥ 60 years old found that pneumococcal vaccination was associated with a marginally significant reduction in ischaemic stroke but no significant reduction in the risk of myocardial infarction (Vila-Corcoles et al., 2012). A meta-analysis of the effect of the polysaccharide pneumococcal vaccine on cardiovascular events found that vaccination was associated with significantly lower odds of ACS in the age group 65 years and older (pooled OR=0.83 95% CI 0.71-0.97). However, when no age restriction was applied the association did not quite reach statistical significance in favour of vaccination (pooled OR 0.86 95% CI 0.73-1.01) (Ren et al., 2015). Further prospective studies, in particular randomised control trials, are required to clarify whether pneumococcal vaccination can help prevent cardiovascular events. 

As with influenza vaccination, any protective cardiovascular effect of pneumococcal vaccination may not simply be due to a reduction in infection episodes. Binder et al. reported that immunization of a mouse model of atherosclerosis (LDL receptor deficient mice) with pronase treated, heat killed R36a S. pneumoniae resulted in reduced atherosclerosis and high circulating levels of antibodies to oxLDL (Binder et al., 2003).  The authors hypothesised that these anti-oxLDL antibodies inhibit the progression of atherosclerosis by binding to oxidised phospholipid epitopes on oxLDL, leading to reduced macrophage uptake of oxLDL and impaired foam cell formation. However, a study using ApoE-/- mice found no significant effect on atherosclerosis burden or plaque morphology following exposure to the polysaccharide pneumococcal vaccine (Bermudez-Fajardo and Oviedo-Orta, 2011). It has yet to be demonstrated in humans that pneumococcal vaccination elicits anti-oxLDL antibody production (Nguyen et al., 2007), although a study of elderly people did find a significant association between pneumococcal IgG and anti-oxLDL titres (Suthers et al., 2012). 

[bookmark: _Toc331541569][bookmark: _Toc468032894][bookmark: _Toc468038519][bookmark: _Toc468051679]1.7.2 Potential pharmacological intervention strategies
Preventing infection episodes by improving the uptake of pneumococcal and influenza vaccination in patients with established cardiovascular risk factors could play an important role in reducing infection-associated ACS. However, strategies aimed at reducing the ability of an established acute infection to trigger ACS will also merit investigation.  If the “vulnerability” of a plaque dictates its propensity to become disrupted after infections, then novel pharmacotherapies which increase plaque stability may also help prevent infection-related ACS. 

Statins (HMG-CoA reductase inhibitors) reduce lipid levels by preventing the conversion of HMG-CoA to mevalonate, an important step in cholesterol biosynthesis (Zhou and Liao, 2010). Aside from their ability to reduce lipid levels, statins have been found to have pleiotropic effects which include anti-inflammatory and immune modulating activities (Libby and Aikawa, 2003).  These pleiotropic effects may be mediated by downstream consequences of reducing mevalonate synthesis, including a reduction in isoprenoid intermediates (Zhou and Liao, 2010). These intermediates activate numerous cell-signalling proteins, such as those of the Rho/Rho kinase pathway, which have a variety of effects on arterial vessel walls including regulating nitric oxide production and promoting smooth muscle and inflammatory cell migration. Statins have been found to reduce the activity of some of these intracellular signalling molecules in humans, and this may explain their numerous effects (Laufs et al., 2002, Cicha et al., 2004, Takemoto et al., 2002). Anti-inflammatory effects of statins mediated through disruption of isoprenylation include inducing transcription of the heme-oxygenase-1 promoter gene (Mrad et al., 2012) and inhibition of nuclear factor ĸ B (NF- ĸ B), a largely pro-inflammatory transcription factor. Furthermore, by lowering cholesterol levels, statins have been found to disrupt membrane lipid rafts which can also affect intracellular signalling (Matarazzo et al., 2012). There is also experimental data that suggests statins have both anticoagulant and antiplatelet properties. Specifically, they have been shown to inhibit tissue factor and enhance thrombomodulin activity, largely through inhibition of Rho family activation. Statins have been reported to inhibit platelet activity by a variety of mechanisms including the inhibition of pro-aggregatory  platelet isoprostanes, upregulation of platelet endothelial nitric oxide synthase and downregulation of phospholipase A2 resulting in a reduction of thromboxane A2 formation. These antithrombotic and antiplatelet effects may contribute to the early beneficial clinical effect of statins seen following coronary revascularisation and acute coronary syndromes (Violi et al., 2013).

There is growing experimental and clinical evidence that statins promote plaque stability (Yla-Herttuala et al., 2011). Animal studies have shown that reducing lipid levels leads to smooth muscle maturation and lower macrophage density within plaques with a subsequent decrease in MMP expression and collagen degradation (Libby and Aikawa, 2003). So far, only relatively small scale clinical studies have investigated the ability of statins to improve atherosclerotic plaque stability. However, they have demonstrated that statin use is associated with reduced plaque lipid content, less macrophage and T-lymphocyte infiltration and increased collagen (Crisby et al., 2001, Cortellaro et al., 2002).  These characteristics all correlate with a more stable plaque phenotype. Virtual histology intravascular ultrasound (VH-IVUS) assessment of coronary plaques in humans suggests that statins reduce atherosclerotic plaque volume, while optical coherence tomography (OCT) imaging studies have found statins to be associated with increased fibrous cap thickness (Banach et al., 2015, Takarada et al., 2009). The anti-inflammatory effects of statins are reflected in their ability to reduce highly sensitive CRP levels in patients and the clinical benefits of these effects are being increasingly recognised following trials such as the JUPITER study discussed earlier (Ridker et al., 2008). 

Several retrospective studies have found that established statin use at the time of a pneumonia episode is associated with a reduction in all-cause mortality following pneumonia, although there is at present a lack of prospective data (Mortensen et al., 2008, Chalmers et al., 2008, Thomsen et al., 2008, Myles et al., 2009, Douglas et al., 2011, Yende et al., 2011b). A systematic review of the effects of established statin use on outcomes in CAP looked at 17 laboratory and 17 clinical studies. The review of experimental studies found that statins were associated with a reduction in proinflammatory cytokine release following pneumonia, both systemically and within the lung. Statins also lead to a reduction in neutrophil activation and recruitment to the lungs, together with less lung injury following infection as evidenced by less oedema, cellular infiltration and consolidation on lung histology.  Mice studies have also shown that statins protect against disruption of pulmonary vascular integrity following bacterial respiratory tract infection.  The review of the clinical studies indicated that established statin use at the time of admission was associated with improved survival following pneumonia. Furthermore, statin use was also associated with a reduced risk of developing pneumonia (Troeman et al., 2013).  Other systematic reviews and meta-analyses have drawn similar conclusions, although it is important to note that all these reviews emphasised the need for caution with regard to interpreting these findings due to a number of factors including relatively low quality of evidence, substantial clinical heterogeneity between studies and the potential for confounding factors such as the “healthy user” effect whereby those prescribed statins may lead healthier lifestyles than non-statin users.

To date, very few studies have examined the impact of the commencement of statin therapy at the time of hospital admission for CAP. In one randomised double-blind control trial, hospitalised CAP patients were randomly assigned to receive either 20 mg of simvastatin once a day  for four days or placebo, commenced within 24 hours of admission.  No significant differences in time to clinical stability or levels of inflammatory cytokines were found between the study groups, although this was a small study of only 34 patients and a relatively low dose of statin was used (Viasus et al., 2015).  In a murine model of sickle cell disease, statins improved survival following severe S. pneumoniae infection but this was in part due to inhibition of host cell lysis by bacterial cytotoxins (Rosch et al., 2010), so survival benefits of statins in infection models may be because of modification of the host response to infection rather than due to their ability to modify the rate of ACS associated with respiratory infection.  The mice in this study had been on statin therapy for 5 days by the time they were challenged with S. pneumoniae. It is not yet known whether starting statin therapy at the time a patient presents with pneumonia can help to prevent cardiovascular events and other complications of pneumonia. Nevertheless, because of their immunomodulatory and anti-inflammatory effects, broadening the use of statin therapy to patients without hyperlipidaemia but with other cardiovascular risk factors may help to reduce the risk of post-pneumonia ACS. 

Due to their anti-inflammatory effects, antiplatelet drugs such as aspirin are also thought to have plaque stabilising qualities (Yla-Herttuala et al., 2011). There is growing interest in the effect of antiplatelet drugs on outcomes in patients with severe infections, although at present there is a lack of published data.  A prospective observational study of patients admitted with pneumonia reported a non-significant reduction in 30-day mortality in those using low-dose aspirin (Chalmers et al., 2008). Winning et al found that antiplatelet drug use for at least six months prior to hospital admission with CAP was associated with less need for ICU treatment and shorter hospital stay (Winning et al., 2009), although this was a small retrospective study.  However, an Italian study of CAP patients reported no significant difference in MI rates between those established on 100mg/day aspirin and those not taking aspirin. The authors also found that many of the patients on aspirin had elevated serum thromboxane B2 levels suggestive of incomplete COX-1 inhibition. Higher doses of aspirin may therefore be required to sufficiently inhibit COX-1 to prevent thromboxane B2 overproduction in the setting of pneumonia (Cangemi et al., 2014). As  with statins, broadening long-term aspirin use to patients with low to intermediate cardiovascular risk but who have required treatment for pneumonia may reduce the number of cardiovascular events following respiratory infections and further studies are required to assess this. The antithrombotic and anti-inflammatory effects of prescribing short courses of high-dose aspirin at the time a patient presents with pneumonia may also prove to be beneficial. Newer antiplatelet agents such as clopidogrel, prasugrel and ticagrelor could also have a role to play in this setting. Pneumonia patients established on clopidogrel therapy at the time of admission have shown a trend towards lower CAP severity score and mortality compared with those not prescribed clopidrogrel (Gross et al., 2013).

Novel pharmacological approaches to preventing ACS following infection may include utilising the immunomodulatory properties of antihypertensives such as angiotensin-converting enzyme inhibitors (Mortensen et al., 2008). Further investigation is also required to assess the potential benefits of using antibiotics with matrix metalloproteinase inhibiting properties.  Doxycycline, for example, has been shown to inhibit several MMPs independent of its antimicrobial activity and may cause increased enzyme degradation and reduced enzyme activity (Lindeman et al., 2009, Ng et al., 2012). Preferential use of doxycycline to treat bacterial chest infections may therefore help to prevent plaque destabilisation and rupture in the immediate post infection period. 

[bookmark: _Toc331541570][bookmark: _Toc468032895][bookmark: _Toc468038520][bookmark: _Toc468051680]1.8 Future research priorities
It has previously been argued that the relationship between acute respiratory tract infections and ACS fulfils the Bradford-Hill criteria for causation (strength of association, temporal relation, consistency, coherence, analogy, biological plausibility, biological gradient, experimental evidence and specificity) (Corrales-Medina et al., 2010, Singanayagam et al., 2012). However, there is some way to go before we can confidently state that respiratory infections can trigger ACS. The mechanistic links between these events remain unclear and it has not been established whether a causal relationship exists or whether the relationship reflects the common risk factors associated with each condition. Further basic science studies are a priority to establish the molecular mechanisms that underpin the potential association between acute respiratory infection and atherosclerosis, with a particular emphasis on mechanisms of altered plaque stability and propensity towards rupture. There is currently a lack of published studies using animal models of bacterial pneumonia in the context of advanced atherosclerosis. 

In addition to cardiovascular disease, another major complication of atherosclerosis is cerebrovascular disease. If acute respiratory tract infections can trigger ACS, then it is to be expected that they can also act as a trigger for acute ischaemic stroke (Emsley and Hopkins, 2008). It is imperative that prospective clinical studies are conducted with a view to identifying patients groups at particularly high risk of cardiovascular events following respiratory tract infections.  Randomised control trials are also needed to clarify the relative merits of the preventative strategies discussed earlier, including pneumococcal and influenza vaccination and the broader use of agents used in the management of cardiovascular disease, such as statins and aspirin.  It also remains to be seen whether short courses of high dose aspirin and statins commenced at the time of presentation with pneumonia in patients at low to intermediate cardiovascular risk would help to prevent ACS.  Observational data suggests that prompt delivery of oseltamivir can prevent cardiovascular events during influenza infections (Casscells et al., 2009), and further investigation to determine the potential cardioprotective benefits of earlier treatment of infections with antimicrobials are required.  In summary, better understanding of the link between acute respiratory infections and ACS may help to significantly reduce the morbidity and mortality associated with cardiovascular disease. 
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1.9 Hypothesis and aims
Acute coronary syndromes are more frequent following severe respiratory infection, however it is unclear if these infections have a direct effect on the pathogenesis of ACS. Thrombotic complications at the site of ruptured or eroded coronary atherosclerotic plaques are the most common underlying cause of ACS.   The effect of pneumonia on atherosclerotic plaque development and stability has yet to be ascertained. I have combined murine models of Streptococcus pneumoniae pneumonia and atherosclerosis to examine how infection alters the composition of atherosclerotic plaques. 
I hypothesised that pneumonia results in acute localised inflammatory changes mediated by macrophages within established atherosclerotic plaques, favouring an unstable phenotype that triggers ACS. 
The aims of this doctoral work were: 
1. To develop a robust murine model of atherosclerotic plaque development following severe bacterial pneumonia. 
2. To investigate how pneumonia alters atherosclerotic plaque size, inflammatory and smooth muscle cell content. 
3. To assess if any post pneumonic plaque changes are mediated by alterations in plaque macrophage phenotype. 
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[bookmark: _Toc468051683]2.1 Animals
[bookmark: _Toc468051684]2.1.1 Licensing
All experiments were conducted in compliance with the UK Animals (Scientific Procedures) Act 1986. The procedures described in this thesis were carried out under project licence PPL 70/7992 (formerly 40/3307) held by Professor Sheila Francis, University of Sheffield and personal licence PIL IC8BF0509. 
[bookmark: _Toc468051685]2.1.2. Husbandry 
Unless otherwise stated, all mice were housed in a controlled environment at 22°C with constant air pressure and a 12 hour light/dark cycle. Littermates were housed together wherever possible. A maximum of 6 mice were housed in each cage and mice were given free access to water and fed a standard chow diet ad libitum unless otherwise stated (Teklad Global 18% protein rodent diet; Harlan, ID, USA which contained 6% w/w fat, 18.8% protein, 45% starch and 5% sugar). 
[bookmark: _Toc468051686]2.1.3 Breeding
Breeding pairs of ApoE-/- mice (JAX 2052) were sourced externally, supplied by Jackson Laboratories (Bar Harbor, ME, USA), and used to develop in-house colonies from which the ApoE-/- mice described in this thesis were obtained. This ApoE-/- strain was produced by backcrossing the Apoetm1Unc mutation 10 times to C57BL/6J mice (Piedrahita et al., 1992).  




[bookmark: _Toc468051687]2.2 Atherosclerosis models
[bookmark: _Toc468051688]2.2.1 Animals and diets
Although ApoE-/- mice develop atherosclerotic plaques spontaneously, atherogenic diets were used to induce plaque formation within a relatively short time period.  Atherogenic Western diet was purchased from Abdiets, The Netherlands (Diet W, no 4021.06; 20 %  casein, 16 %  fat (15 % cacao butter, 1 % corn oil), 0.25 % cholesterol). Atherogenic Paigen diet was obtained from Special Diet Services, UK (18.5% fat, 0.9% cholesterol and 0.5% cholate).   The inclusion of cholate in the Paigen diet bestows upon it potent pro-inflammatory and pro-atherogenic properties (Paigen et al., 1985).  The Paigen diet was purchased in a dehydrated powdered form and stored at -20°C until prepared for use. The diet was reconstituted by first allowing the powder to reach room temperature. Sterile water was then added until the mixture reached a paste-like consistency. This mixture was placed on greaseproof paper on baking trays and then dehydrated overnight in an oven at 70°C to produce a solidified diet. This was then manually broken up into pieces and stored at -20°C until use. 
Prior to and after atherogenic diet feeding periods, ApoE-/- mice were fed chow diet ad libitum. All ApoE-/- mice used in atherogenesis studies were male and 11-12 weeks old at the time of commencement of Western diet feeding, and 10-12 weeks old at the commencement of Paigen diet feeding.   The formalin fixed bodies of male C57BL/6 mice (Harlan, UK) which had been fed Paigen diet for 8 weeks from the age of 12 weeks were kindly donated by Dr Stuart Allen, University of Manchester.  
[bookmark: _Toc468051689]2.2.2 Food consumption 
ApoE-/- mice were fed atherogenic diets (Western or Paigen) for 8 weeks. The diet was weighed out so that 5g/mouse/day of food was placed into each cage once a week. Once added to a cage, no atherogenic diet was removed, and any diet that remained in the cage at the end of each week was included in the amount required to make up 5g/mouse/day for the following week. 

[bookmark: _Toc468051690]2.3 Streptococcus pneumoniae pneumonia model
[bookmark: _Toc468051691]2.3.1 Streptococcus pneumoniae strains
Type 1 S. pneumoniae (WHO reference laboratory strain) was obtained from the Staten Institute, Denmark. Type 4 S. pneumoniae strain TIGR4 was obtained from the American Type Culture Collection (ATCC, VA, USA) and type 14 S. pneumoniae NCTC11902 was obtained from the National Collection of Type Cultures (NCTC, Public Health England, UK). Prior to their use in vivo, all strains were passaged through C57BL/6 mice (Harlan, UK) by i.p. injection and recovery of bacteria from blood taken at 16 hours post infection and incubated on Columbia blood agar (CBA) plates (Oxoid, UK). The pneumococcal strains were passaged by the i.p. route as this has been shown to enhance the virulence of bacteria and ensure that differences in virulence are not due to loss of virulence with in vitro culture (Canvin et al., 1995).
[bookmark: _Toc468051692]2.3.2 Streptococcus pneumoniae culture
All S. pneumoniae culture protocols were carried out in the University of Sheffield Medical School containment level 2 laboratory (CL2). S. pneumoniae strains serotypes 1, 4 and 14 were cultured in 20ml brain-heart infusion broth (BHI, Oxoid Unipath, UK) with 20% heat-inactivated foetal calf serum (HIFCS). Bacterial growth curves were constructed from hourly measurement of both optical density (OD), using a spectrophotometer (Jenway, UK), and colony forming units (cfu) per ml of culture broth using the Miles and Misra viable count technique (see 2.3.3). These hourly readings were subsequently used to identify the OD that corresponded with the point of mid log growth,  at which time the culture broth was divided into 1ml aliquots and immediately frozen at -80°C. Mid log growth was typically reached at a concentration of 5 x 108 cfu/ml.  Growth of S. pneumoniae was confirmed by the development of characteristic α-haemolytic colonies on CBA plates and optochin sensitivity as demonstrated by the inhibition of bacterial growth with an optochin disc (Oxoid, UK). 
[bookmark: _Toc468051693]2.3.3 Miles and Misra viable bacterial count 
The Miles and Misra technique (Miles et al., 1938) was used to accurately measure the number of viable bacteria in any suspension. Beginning with a 1:10 dilution of the suspension, eight serial log10 dilutions were made up in microcentrifuge tubes using PBS as a diluent. Each suspension was vortexed for 10 seconds before the next dilution in the series was made up.  Three 10 µl aliquots of each dilution were dropped onto each of four quadrants of two CBA plates before being allowed to dry. The plates were then placed in an incubator at 37°C, 5% CO2 for 18-20 hours. Following incubation, the number of S. pneumoniae colonies in each quadrant was counted and the following formula was used to calculate viable count: cfu per ml = (number of colonies in quadrant/30) x 1000 x dilution factor. 
[bookmark: _Toc468051694]2.3.4 Preparation of S.pneumoniae for instillation
Prior to instillation of bacteria into mice, frozen aliquots of S. pneumoniae were rapidly thawed, centrifuged at 7200g for 3 minutes, washed twice in PBS and then resuspended in a sufficient volume of PBS to give the required bacterial dose in cfu per ml.  Miles and Misra viable bacterial counts were performed on aliquots of bacteria prepared for installation to confirm the final infecting dose. 
[bookmark: _Toc468051695]2.3.5 Intratracheal instillation of S.pneumoniae
Direct instillation of S.pneumoniae into the lung via the endotracheal route has been shown to deliver >95% of the infecting dose of bacteria into the lung (Rubins et al., 1995, Dockrell et al., 2003). However, this method of pneumococcal instillation requires an invasive surgical procedure and therefore prolonged general anaesthesia of the mice, followed by a long recovery period during which close monitoring is essential.
Each mouse was anaesthetised using ketamine (100 mg/kg i.p.; Willows Francis, UK) and acepromazine (5mg/kg i.p; C-Vet Veterinary Products, UK). Once the pedal reflex was lost, the neck of each anaesthetised mouse was shaved and a midline incision of approximately 1cm was made on the ventral aspect.  The trachea was exposed by dissection of the adjacent tissues with blunt forceps.  A 24-gauge catheter (Smiths Medical, OH, USA) was then inserted into the lumen of the trachea, and 20 µl solutions containing either pneumococci or PBS alone were instilled into the lungs using a pipette. Following instillation, the catheter was removed from the trachea and the surrounding tissue pinched together to close the incision. The mice were then left on their backs in an incubator at 33°C and observed closely for any signs of distress until they had fully regained consciousness.  They were given access to chow diet and water during this recovery period. Once all the mice were conscious and moving freely, they were placed into individually ventilated cages (IVC; Tecniplast, Italy) in a standard controlled environment but in a room separate from standard housing. Following infection or mock infection, mice were fed standard chow diet ad libitum until the time of sacrifice. Intratracheal instillation of bacteria was performed by Rohit Bazaz, Helen Marriott and Lynne Williams. 
[bookmark: _Toc468051696]2.3.6 Intranasal instillation of S.pneumoniae 
Intranasal inoculation has been the most widely used method of delivering bacteria into the lungs of mice in order to model human lower respiratory tract infection. It has the advantage of being a relatively simple, non-invasive procedure although evidence suggests that a smaller proportion of the infecting dose enters the lung as compared with intratracheal instillation (Miller et al., 2012).  Studies of intranasal instillation of both dyes and bacteria have shown that inoculation with small volumes (10 µl) delivers the inoculum to the upper respiratory tract only, whereas larger volumes (50 – 100 µl) consistently result in delivery to the lungs (Visweswaraiah et al., 2002). 
Prior to intranasal instillation, each mouse was anaesthetized using inhaled isoflurane delivered using a Surgivet Vaporstick small animal anaesthesia machine (Surgivet, Smiths Medical, OH, USA) equipped with a Classic T3 vaporizer (Surgivet).  Mice were exposed to 4% isoflurane (purchased as IsoFlo 100% w/w isofluorane inhalation vapour, Zoetis, UK) delivered in 2 l/min O2 inside a 1 litre induction chamber until an areflexic state was reached.  At this point, mice were removed from the induction chamber and intranasal installation was performed immediately by placing the animal in a supine position and slowly pipetting 50 µl of solutions of pneumococcus (or mock infected with PBS alone) onto the nostrils. Mice were then placed into IVCs and observed closely until full consciousness was regained. This recovery period typically lasted 90-120 seconds. Once a mouse was moving freely post procedure, its cage was placed into a room separate from standard housing. Intranasal instillation of bacteria was performed by Rohit Bazaz and Lynne Williams. For both intranasal and intratracheal instillation methods, any mice which displayed signs of severe illness were culled by humane methods. Severe illness was defined as any of the following features: severely reduced respiratory rate (0.5s between breaths), severely reduced mobility (mouse only moves when provoked and then only a few steps) or severely hunched posture. The number and timing of adverse post-infection events for each of the models are described in Chapter 3. 
[bookmark: _Toc468051697]2.3.7 Tail vein snip
The non-terminal lateral tail vein snip method was used to obtain blood samples from mice 24 hours post instillation of bacteria or PBS if blood samples to measure viable blood bacterial counts were required  without killing the mouse.  Mice were placed in a warmed incubator at 33°C for at least 10 minutes to promote vasodilatation before being placed in a restraint tube at room temperature. The lateral tail vein was identified and a small cut was made over the vein using a sterile scalpel blade. Approximately 10 µL of blood was collected into a microcentrifuge tube by gently “milking” the tail. Bleeding was stopped by applying pressure onto the site of the cut using a sterile cloth. Viable bacterial count in these blood samples was measured using the Miles and Misra technique (see 2.3.3).
[bookmark: _Toc468051698]2.3.8 Administration of amoxicillin
A veterinary preparation of amoxicillin was purchased from Intervet, UK (Amoxypen 150 mg/ml suspension for injection). Both infected and mock infected mice received amoxicillin. The mice were given 3 doses of 100mg/kg amoxicillin s.c. at 12 hourly intervals. The first amoxicillin dose was administered 24 hours post infection or mock infection, immediately after the tail vein snip procedure, if performed.
[bookmark: _Toc468051699]2.3.9 Collection of Blood, Lungs and Bronchoalveolar Lavage 
To characterise the pneumonia models with regard to microbiological and inflammatory outcomes, blood, lungs and bronchoalveolar lavage (BAL) fluid were collected from the animals. Mice were killed by an overdose (0.2 ml) of sodium pentobarbital (200mg/ml; J M Loveridge, UK) given by i.p. injection. Once the pedal reflex was lost, the thorax and abdomen were opened and blood was obtained from the inferior vena cava into a 1 ml syringe. The trachea was exposed and a 24 gauge catheter was inserted into its lumen (see 2.3.5), then tied securely in place. BAL was performed by instilling 5 x 0.8 mL aliquots of ice cold heparinised saline (10 U/ml; Leo Laboratories, U.K.) through the endotracheal catheter, with collection of lavage fluid following each aliquot. 10 µL of each BAL sample was used to measure total cell counts in a hemocytometer.  Differential cell count was measured by centrifuging (Cytospin 3; Thermo Scientific, UK) 100 µL of each BAL sample at 10g for 3 minutes to form thin-layer cell preparations on glass slides which were allowed to air dry. Slides were stained with Diff-Quick (Merck, UK), fixed with methanol and mounted using Vectashield medium (Vector Laboratories, UK). Slides were read in a blinded fashion using oil immersion light microscopy at x 1000 magnification to study cell morphology and identify neutrophils. At least 300 cells or 10 high power fields (whichever was greatest) were counted in a systematic manner for each slide, starting at a set distance of 5 fields from the edge of the coverslip.    
Following lavage, the lungs were dissected from major blood vessels and bronchi and then homogenised in 0.5ml of PBS in a glass tissue grinder.   Viable bacterial count in blood and lung homogenate was measured using the Miles and Misra technique (see 2.3.3). 

[bookmark: _Toc468051700]2.4 Harvesting of tissue for atherosclerotic plaque analysis
[bookmark: _Toc468051701]2.4.1 Sacrifice of animals and collection of blood
At the end of the experimental period, mice were killed by i.p. injection of 0.2 mL sodium pentobarbital (200mg/mL). Once the pedal reflex was lost, blood was obtained by cardiac puncture into a heparinised 1mL syringe, centrifuged at 2000g for 5 minutes in a Beckman microfuge (Beckman Coulter, UK)  to obtain plasma which was then stored at  -20°C until further use. 
[bookmark: _Toc468051702]2.4.2 Perfusion fixation                                                                                                                       
Once breathing had stopped, the abdominal cavity was exposed and an incision made into the subdiaphragmatic aorta to allow a route for blood loss. The thoracic cavity was opened and the heart and circulation perfusion fixed by injection of 1 mL of PBS into the left ventricle followed by 1 mL of 10% v/v of formalin buffered saline (FBS) (33.3 mmol/L NaH2PO4, 50 mmol/L Na2HPO4, (Sigma-Aldrich, UK),   10% v/v formaldehyde (VWR International Ltd, BDH Chemicals, UK); see Appendix  , section 7.1  )
[bookmark: _Toc468051703]2.4. Excision of cardiovascular tissue                                                                                                           
To enable the aortic tree to be exposed, the lungs, oesophagus and thymus were excised.  Fat and small branching vessels were removed from the descending thoracic aorta and the arch of the aorta by careful blunt dissection.  The upper aorta was exposed by breaking the vena cava. The aortic arch and its 3 main branching vessels, the brachiocephalic artery, left common carotid and left subclavian arteries were exposed and dissected free of surrounding fat and other organs (Figure 2.1 a). If required, the brachiocephalic artery was removed by making cuts distal to where it divides into the right subclavian and right carotid arteries and further cuts into the aortic arch (Figure 2.2). Once removed, this section of tissue containing the brachiocephalic artery was dissected further under a dissecting microscope to remove adjoining vessels. The excised brachiocephalic artery was then placed in 10% v/v FBS.  
The left subclavian and left common carotid arteries were cut from the aortic arch, and then the thoracic aorta was excised by cuts made at its origin from the heart and at the level of the diaphragm, at the same time excising the heart.  The thoracic aorta specimen was placed in a petri dish together with PBS and all remaining fat removed with blunt forceps. Spring micro dissection scissors were used to incise the aorta longitudinally along its entire length to allow the internal surface to be exposed (Figure 2.3).  The vessel was then fixed in 4% w/v paraformaldehyde (PFA; VWR International Ltd, BDH Chemicals, UK) in PBS.  The heart was removed and transected at a slight angle at the level of the lower poles of the atria (see Figures 2.1 (b) and (c)). Both portions of the heart were then placed in 10% v/v FBS. 
All tissues were kept at 4°C and fixed in either 4% w/v PFA or 10% v/v FBS for 24 hours before being transferred to PBS at 4°C until further processing for histological analysis.         
(a)
Left subclavian artery
Left common carotid artery
Right common carotid artery
Right subclavian artery
Brachiocephalic artery

(b) 						(c)


[bookmark: _Toc468072869]    Figure  2.13Aortic arch and heart dissectionDiagram (a) shows the anatomy of the aortic arch and branching arteries which were dissected free from surrounding tissue to enable removal of the aortic arch and heart. Diagrams (b) and (c) represent the heart from a front and lateral view respectively. The yellow dashed ellipse shows the location of the aortic sinus. The blue dashed lines indicate the plane through which the heart was transected prior to embedding to enable sectioning through the aortic sinus. 
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[bookmark: _Toc468072870]   Figure 2.24 Brachiocephalic artery dissection  Diagram (a) shows the area of the vasculature dissected to enable the removal of the brachiocephalic artery, as indicated by the red dashed lines. Once removed, further incisions were made under a dissecting microscope (b) to leave only the brachiocephalic artery (c) which was then ready for embedding. Diagram adapted from Dr Jason Johnson, University of Bristol. 

	



[bookmark: _Toc468038523][bookmark: _Toc468051704]2.4 Histology, immunohistochemistry and morphology
[bookmark: _Toc468038524][bookmark: _Toc468051705]2.4.1 Tissue preparation
2.4.1.1 Brachiocephalic artery
The brachiocephalic artery specimens were removed from PBS and each one placed on a sheet of Whatman grade 1 filter paper (Whatman International, UK), followed by a second sheet placed on top, leaving the artery in between the two sheets.  Each artery together with the filter paper sheets were placed and secured in a plastic histological cassette (Thermo Fisher Scientific, UK).  The arteries were then processed by dehydration through a series of graded alcohols and xylene before being embedded in paraffin wax for sectioning. (Xylene and absolute alcohol were obtained from Thermo Fisher Scientific, UK). See 2.4.1.3 for a detailed protocol for the dehydration of tissues. 
2.4.1.2 Aortic sinus
The upper portion of the previously transected heart (see 2.4) was removed from PBS. This portion of the heart, containing the aortic sinus and both atria, was placed and secured into a plastic histological cassette for dehydration in graded alcohols and xylene as described in 2.4.1.3.  
2.4.1.3 Dehydration of tissues
Formalin fixed tissue specimens, secured in histological cassettes, were dehydrated by submersion in increasing concentrations of alcohol as follows (each step lasting 1 hour): 50% v/v ethanol in water, followed by 70% v/v ethanol, 90% v/v ethanol , 100% ethanol and a change of 100% ethanol. The cassettes were then placed in a 1:1 mixture of xylene and 100% ethanol for 1 hour before submersions in 100% xylene and a change of 100% xylene, each for 1 hour. Tissue samples were then placed into molten wax in a 60°C oven overnight. 
[bookmark: _Toc468051706]2.4.2 Wax embedding
2.4.2.1 Brachiocephalic artery
Once the dehydration protocol had been completed by overnight incubation in molten paraffin wax (Thermo Fisher Scientific, UK), the cassettes were removed from the oven. The brachiocephalic arteries were retrieved from the filter paper sheets within the cassettes and then placed horizontally on the base of a plastic mould (Thermo Fisher Scientific). Molten wax was poured over the artery in the mould and allowed to set at room temperature for at least 2 hours. The now solid wax block was released from the plastic mould and trimmed down into a cuboid shaped segment containing the vessel. This small piece of wax was then rotated and placed vertically in the centre of a deep plastic mould so that the artery was orientated perpendicular to the base. Molten wax was poured into this deep mould which was then covered with a microtome block (Thermo Fisher Scientific). The wax was left to set overnight at room temperature. This 2-step embedding process appropriately orientates the artery for transverse sectioning.  
2.4.2.2 Aortic sinus
Cassettes containing the upper portion of the heart were removed from the oven after dehydration. Each piece of heart tissue was placed in a plastic mould with the flat, transected surface facing down, thereby orientating the tissue appropriately for cross-sectioning through the aortic sinus with all 3 valve leaflets appearing on the same section. Molten wax was then poured in the mould and covered with a microtome block. The wax blocks were left to set overnight at room temperature. 
[bookmark: _Toc468051707]2.4.3 Sectioning of tissue
Wax blocks containing tissue specimens were released from the plastic moulds once the wax had set. The blocks were placed onto ice for at least 1 hour prior to sectioning on a microtome (Leica RM2135 microtome, Leica microsystems, Germany). Brachiocephalic artery specimens were cut at a thickness of 5 µm and the sections were laid on a water bath heated to 33-35°C. Aortic sinus specimens were sectioned slightly thicker at 6 µm to ensure tissue integrity was maintained while transferring to the water bath. Tissue sections were mounted onto Polysine glass slides (VWR International Ltd, UK) by partially submerging the slides in the heated water bath and allowing the sections to adhere to the glass slide before being removed from the water. Slides were then allowed to dry at room temperature in racks before being placed in an oven at 40°C overnight to completely dry and ensure firm adherence of the tissue to the glass surface. Slides were then removed from the oven and stored at room temperature until required for staining. 
2.4.3.1 Aortic sinus
Wax blocks were cut until the aortic sinus valve leaflets were visible on microscopy of the cut sections. Each subsequent section was then collected until the end of the aortic sinus was reached, at its junction with the ascending aortic arch. Only slides in which all 3 valve leaflets were visible were used for analysis.  
2.4.3.2 Brachiocephalic artery
Wax blocks were cut until the appearance of the brachiocephalic artery from its junction with the aortic arch. From this point, consecutive cross-sections were collected through the most proximal 150 µm of the vessel, the region most prone to developing atherosclerotic plaques. 


[bookmark: _Toc468051708]2.4.4 Histology
2.4.4.1 En face aorta preparation and Oil Red O staining
Oil Red O is an inert oil-soluble dye that stains lipids, and is commonly used to quantify  aorta atherosclerotic  lesion area (Nunnari et al., 1989). Oil Red O stain was prepared as follows: 1ml of distilled water was added to 99ml Isopropranolol (Propan-2-ol, Sigma-Aldrich, UK).  Oil Red O powder (Sigma-Aldrich, UK) was added to the solution until saturation was achieved. The saturated solution was filtered using Whatman grade 1 filter paper and the final stain was diluted to 60% v/v using dH2O. Each aorta was stained in an individual 1.5 ml Eppendorf tube.  The aortae were rinsed in dH2O followed by 60% v/v isopropranolol for 2 minutes. They were then immersed in Oil Red O stain for 15 minutes. The aortae were then rinsed in 60% v/v isopropranolol for 2 minutes followed by distilled water. En face aorta preparations were made by firstly pouring molten wax into a petri dish and allowing it to set at room temperature. Each aorta was placed onto the wax, opened out to reveal the internal surface and pinned onto the wax using fine stainless steel “insect” pins (Fine Science Tools, Germany).  After submersion in PBS, images of each aorta were captured to allow measurement of the overall plaque area (Figure 2.3).
2.4.4.2 Histological staining
Aortic sinus and brachiocephalic artery cross sections were stained with histological dyes to enable histomorphometric analysis of atherosclerotic lesions. Briefly, slides were dewaxed in xylene, before rehydration through graded alcohols to water. Sections were then stained using either the Miller’s Elastin/Modified Van Gieson (MVG) protocol or the Picrosirius Red protocol which specifically stains for collagen. A detailed description of these staining protocols can be found in the Appendix (section 7.2). After staining, the sections were dehydrated and mounted under coverslips using DPX resin (VWR International Ltd, UK). 
[bookmark: _Toc468051709]2.4.5 Immunohistochemistry
Aortic sinus and brachiocephalic artery sections were stained for MAC-3 (macrophage marker) and α-smooth muscle actin using immunohistochemical techniques, and aortic sinus sections were also immunohistochemically stained for Ki67, a cellular marker for proliferation. A detailed description of the protocol used for each primary antibody can be found in the Appendix (section 7.3 and table 7.1). Sections were dewaxed in xylene, before rehydration through graded alcohols to water. Endogenous peroxidases were blocked with hydrogen peroxide (30% v/v; Sigma-Aldrich, UK) and sections were then incubated in a solution of 0.1% w/v milk buffer (commercially available Marvel skimmed milk powder) in PBS for 30 minutes to block non-specific binding of the secondary antibody. An antigen retrieval step was performed if necessary, after which sections were incubated with primary antibody overnight at 4°C or for 1 hour at room temperature.   Binding of the primary antibody to the target antigen was identified indirectly by incubating sections with biotinylated secondary antibody (1:200 dilution in PBS) for 30 minutes at room temperature, followed by avidin-biotinylated enzyme complexes with horseradish peroxidase (HRP) (Vectastain ABC-HRP kit , Vector Labs, UK) and finally the HRP substrate SigmaFAS 3,3′- diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich). Sections were counterstained with Carazzi’s haematoxylin, dehydrated through graded alcohols into xylene and finally mounted under coverslips with DPX. 
[bookmark: _Toc468051710]2.4.6 Immunofluorescence
Aortic sinus sections were stained with anti-serotype 4 pneumococcal antiserum using immunofluorescence to detect bacterial invasion into tissue. Following incubation with the pneumococcal antiserum, sections were stained with Alexa Fluor 568 anti-rabbit IgG secondary antibody and analysed using a wide field fluorescence microscope. A detailed immunofluorescence staining protocol can be found in the Appendix (section 7.3.3).
[bookmark: _Toc468051711]2.4.7 Histomorphometry
Images of stained histological sections were captured using a camera connected to a light microscope (aortic sinus and brachiocephalic sections) or a dissecting microscope (en face aorta specimens). The images were analysed using NIS-Elements Image Analysis Software (Nikon Instruments, UK). MVG stained aortic sinus and brachiocephalic artery sections were used to measure atherosclerotic lesion area at these anatomical sites, whereas Oil Red O stained specimens were used to measure lesion area in en face aortae. In addition to lesion area, MVG stained brachiocephalic artery sections were also used to identify buried caps within plaques. These are buried fibrous layers which are overlaid by foam cells and necrotic core formation and a separate fibrous cap. Buried caps are likely to represent previous plaque ruptures which have healed (Johnson et al., 2005). 
2.4.7.1 Quantification of atherosclerotic lesion area in whole en face aortae
Images of each thoracic en face aorta specimen were captured at x 15 magnification.  Using the Nis-Elements software, the total area of the internal surface of the aorta was measured by tracing the perimeter of the artery.  The software was then programmed to identify all areas of positive Oil Red O staining on the image by using the threshold function.  Hue, saturation and intensity (HSI) filters within the threshold function were selected such that all red stained regions of the vessel were recognised and their areas measured to give a total lesion area, which was expressed as a percentage of total aorta area (Figure 2.3). 








(a)					  (b)
[image: C:\Users\NIS-Elements\Documents\Tanja\andere\Aorta_Manchester bodies_Baz\scales\59_1,5x(2)_scale.jpg][image: C:\Users\NIS-Elements\Documents\Tanja\andere\Aorta_Manchester bodies_Baz\plaques\59_1,5x(2)_plaques.jpg]
[bookmark: _Toc468072871]Figure 2.35Example of quantification of Oil Red O staining in a representative en face whole aorta.
The original image of an Oil Red O stained whole en face aorta is shown (a). The Nis-Elements analysis software selects all areas that have positive (red) staining and highlights them in red (b). All positively stained areas are scanned for calculation of area. Values are generated for the mean area of all objects scanned and the number of objects scanned, from which the total stained area is calculated (scale bar represents 5mm). Total lesion area (the total area of positive staining) is expressed as a percentage of total surface area of the vessel.


2.4.7.2 Quantification of atherosclerotic lesion area in vessels
Total atherosclerotic lesion area (ALA) for aortic sinus and brachiocephalic artery sections was expressed as a percentage of vessel cross-sectional area (CSA). Four sections from each vessel were analysed to generate a mean ALA/CSA measurement for both the brachiocephalic artery and aortic sinus for each mouse. 
Images of brachiocephalic artery sections were captured at x 100 magnification. Four sections taken from the proximal 150 µm of the artery, at approximately 50 µm intervals, were analysed for atherosclerotic lesion area. The cross sectional area (CSA) of the brachiocephalic artery was defined as the internal elastic lamina (IEL) area, and was quantified indirectly by measuring the IEL circumference by tracing round the lamina using the Nis Elements software. Total atherosclerotic lesion area was quantified by manually tracing round the lesion(s) (Figure 2.4).  
Images of aortic sinus sections were captured at x 40, x 100, and x 200 magnification. Four consecutive sections were analysed from each mouse for atherosclerotic lesion area. The aortic sinus CSA was quantified indirectly by measuring the circumference of the sinus by tracing round the perimeter of the structure. Total atherosclerotic lesion area was again quantified by tracing round the lesions. 
By assuming that both brachiocephalic arteries and aortic sinuses were originally circular, the vessel circumference measurements were used to indirectly calculate the CSA of the vessels. This method corrects for any distortion of the tissue during processing. The calculation used was as follows:
Circumference (C) = 2πr therefore r = C/2π 
Area of a circle = πr2 therefore area = π(C/2π)2  =  C2/4π

2.4.7.3 Quantification of collagen and positive immunohistochemistry staining
All analysed plaque parameters were expressed as a percentage of total lesion area. Collagen content of atherosclerotic lesions was determined using Picrosirius Red stain and by quantifying areas of positive red staining. Positive immunohistochemistry staining was identified using DAB substrate, which forms a brown precipitate in positive cells. Using the Nis-Elements software threshold function, appropriate HSI filters were set to quantify areas of positive staining corresponding to the appropriate colour. 
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[bookmark: _Toc468072872]Figure 2.46Measurement of brachiocephalic artery and aortic sinus atherosclerotic plaque area.
(a)(i)MVG stained brachiocephalic artery x100 magnification, scale bar = 100 µm. (ii) Internal elastic lamina manually traced (green line) to calculate vessel CSA. (iii) Atherosclerotic plaque manually traced using the Nis-Elements image analysis software polygon tool (green line) to calculate plaque area. (b)(i) MVG stained aortic sinus section x40 magnification, scale bar = 200 µm (ii) Perimeter of aortic sinus manually traced (green line) to allow calculation of sinus CSA. (iii) Using the polygon tool, atherosclerotic plaques were manually traced (green line) and individual lesion areas were combined to calculate total lesion area.
[bookmark: _Toc468051712]2.5 Laser capture microdissection
[bookmark: _Toc468051713]2.5.1 Animal and tissue processing for laser capture microdissection
Formalin fixation of tissues preserves morphological architecture and allows for accurate histological assessment and ease of storage. However, extracting high-quality mRNA from formalin-fixed, paraffin-embedded (FPPE) samples has proved challenging, as formalin leads to covalent modifications of RNA and also cross linking of nucleic acids to other macromolecules (Feldman, 1973, von Ahlfen et al., 2007, Hewitt et al., 2008). RNA extracted from FFPE tissue therefore demonstrates unpredictable variations in quantity and quality and leads to poorly reproducible downstream gene expression data (Fleige et al., 2006). Although improving RNA extraction methods from FFPE tissue is an area of ongoing research interest, the gold standard for molecular biology remains the use of fresh, frozen tissue (Kashofer et al., 2013). Modifications of the mouse dissection protocol were therefore required to prepare frozen samples for laser capture microdissection of aortic sinus atherosclerotic lesion macrophages and subsequent RNA extraction and gene expression analyses. 
Mice were sacrificed by i.p. injection of 0.2ml sodium pentobarbital. Once the pedal reflex was lost, the thoracic cavity was opened and an incision was made into the right atrium to allow a route for blood loss. Once breathing had stopped, the heart and circulation were perfused by injection of 5 ml of sterile PBS injected into the left ventricle. The thoracic aorta was cut at its origin from the heart, allowing removal of the heart itself. The heart was then transected at the level of the lower poles of the atria, and the upper portion (containing the aortic sinus) was placed into optimal cutting temperature compound (OCT) (Thermo Fisher Scientific, UK) in a plastic embedding mould and frozen by placing the mould onto a bed of dry ice for 3-4 minutes. The sample was then wrapped in foil and stored at -80°C until sectioning. 
Frozen tissue was cryo-sectioned using a cryostat (Leica CM3050 S, Leica, Germany) with both chamber temperature and object temperature set at -20°C. Samples were removed from -80°C storage and allowed to rest in the cryostat chamber at -20°C for at least 15 minutes prior to cryo-sectioning. Frozen tissue blocks were released from their plastic moulds and cut until the aortic sinus valve leaflets were visible on microscopy of the cut sections. Each subsequent section was then cut at 7µm and collected on Superfrost Plus slides (Thermo Fisher Scientific, UK) until the end of the aortic sinus was reached. Slides were kept at -20°C during collection, and were stored at -80°C until used for either immunohistochemical staining or laser capture microdissection (LCM). 
[bookmark: _Toc468051714]2.5.2 Immunostaining of cryo-sections for identification of plaque macrophages
Every 5th frozen aortic sinus slide was immunostained for the macrophage marker MAC-3 and used as guide slides to direct LCM of macrophages on the remaining cryo-sections. This method of using immunostained guide slides to target LCM of plaque macrophages has previously been published by  Feig et al (Feig and Fisher, 2013). No antigen retrieval step was necessary as the cryo-sections had not been fixed with formalin.  A detailed protocol for MAC-3 immunostaining of cryo-sections can be found in the Appendix (section 7.3.2) 
[bookmark: _Toc468051715]2.5.3 Toluidine blue staining
All aortic sinus cryo-sections which were not immunostained for MAC-3 underwent LCM and were stained with Toluidine blue, a rapid method for staining nuclei to enable identification of cells during LCM. The protocol incorporated the use of Diethylpyrocarbonate (DEPC) which inactivates RNase enzymes present in water.  DEPC water was made by preparing 0.1% v/v DEPC (Calbiochem, EMD Biosciences, CA, USA) in dH20 in an autoclave-safe container. The container was then left at room temperature for 24 hours before autoclaving. Once cooled, the DEPC water was ready for use. Toluidine blue stain was made up as 0.1% w/v Toluidine blue (Raymond A. Lamb, UK) in DEPC water. 
Frozen slides were removed from -80°C storage and kept at room temperature for 2 minutes. Sections were fixed in 70% ethanol for 30 seconds, rinsed in DEPC water before staining for 30 seconds in Toluidine blue and rinsing again in DEPC water. Tissue section were then dehydrated through increasing concentrations of ethanol for 30 seconds each step (70%, 95%, 2 changes of 100%) and xylene for 5 minutes. Slides were then left to air dry for at least 30 minutes before proceeding immediately to LCM. 
[bookmark: _Toc468051716]2.5.4 Laser capture microdissection of plaque macrophages
LCM of plaque macrophages on aortic sinus cryo-sections was performed using the Pixcell II laser-capture microdissection system (Arcturus Engineering, CA, USA) and cells were collected using Capsure Macro caps (Arcturus Engineering), which contain a thermoplastic film overlying a transparent plastic cap. Using the transport arm on the Pixcell system, the Capsure cap was placed over Toluidine blue stained cryo-sections. MAC-3 immunostained cryo-sections were used as “guide” slides to enable identification of macrophages on Toluidine blue stained sections undergoing LCM.  After identifying a macrophage to be dissected, a focused laser was fired through the cap which caused the thermoplastic film to melt, thereby adhering to the targeted cell.  The Pixcell system was set to the following parameters: 40 mW power and 7.5 µm laser spot size. Macrophages were targeted for LCM using x 200 magnification. LCM was continued for each mouse sample until approximately 1000 laser pulses had been fired. Following completion of LCM, the thermoplastic film was separated from the cap using sterile forceps and placed into a sterile 0.2ml Eppendorf tube for RNA extraction.  
LCM cap
Tissue section
Thermoplastic film
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[bookmark: _Toc468072873]  Figure 2.57Laser capture microdissection

(a) LCM cap with thermoplastic film is placed onto aortic sinus tissue section on microscope slide. (b). Infrared laser beam is fired over the target cell through the thermoplastic film, causing the film to melt and the cell to adhere to it. (c). On lifting the cap from the histological section, the target cell is also removed while leaving behind the surrounding tissue. 



[bookmark: _Toc468051717]2.6 Microarray 
[bookmark: _Toc468051718]2.6.1 RNA extraction
The PicoPure RNA isolation kit (Thermo Fisher Scientific, UK) was used to recover total RNA from cells isolated during LCM, according to the manufacturer’s instructions.  The kit contains extraction, conditioning, wash and elution buffers together with 70% ethanol.  Following LCM, the thermoplastic film was placed in 50 µL extraction buffer in a sterile 0.2 ml Eppendorf tube and incubated at 42°C for 30 minutes before centrifugation at 800g for 2 minutes. The cap was then removed from the extraction buffer using sterile forceps, leaving only the cell extract in the tube. The RNA purification column provided with the kit was pre-conditioned for use by pipetting 250 µl of conditioning buffer onto the purification column filter membrane. The column was incubated with the conditioning buffer for 5 minutes at room temperature, before centrifugation at 16,000g for 1 minute. 50 µl of 70% ethanol was then added to the cell extract and mixed by gentle pipetting. The cell extract/ethanol mixture was pipetted into the pre-conditioned purification column. To enable binding of RNA to the column, it was centrifuged at 100 g for 2 minutes followed immediately by centrifugation at 16,000 x g for 30 seconds. 100 µl of wash buffer 1 was transferred to the column which was then centrifuged at 8,000g for 1 minute, followed by 100 µl of wash buffer 2 and centrifugation as for wash buffer 1.  Another 100 µl of wash buffer 2 was pipetted into the column prior to centrifugation at 16,000g for 2 minutes. The purification column was then transferred to a fresh sterile 1.5 ml Eppendorf tube. 11 µl of elution buffer was pipetted directly onto the purification column membrane and incubated at room temperature for 1 minute to enable release of RNA from the membrane. The column was then centrifuged at 1,000g for 1 minute followed by centrifugation at 16,000g for 1 minute, allowing the isolated RNA to be collected in the 1.5 ml Eppendorf tube. The quantity and quality of RNA was quantified by using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, UK) and a 2100 Bioanalyzer (Agilent,UK). RNA samples were stored at -80°C until used for downstream applications. 
[bookmark: _Toc468051719]2.6.2 Affymetrix GeneChip Mouse Gene Array
The Affymetrix GeneChip Mouse Gene 2.0 ST Array (Affymetrix, UK) was used to measure whole-transcriptome gene expression in a single hybridisation. The array is made up of unique nucleotide probes, each of which are 25 bases in length,  and known genes/transcripts are represented by probe sets, with a median of 22 unique probes per transcript (Affymetrix GeneChip Mouse Gene ST User Guide, 2015). The array contains approximately 300,000 probe sets which are used to analyse the expression level of over 30,000 coding and non-coding transcripts including approximately 26,000 characterised mouse genes. 
The WT Pico Reagent Kit (Affymetrix) was used according to the manufacturer’s instructions to process RNA samples obtained following LCM and convert them to array hybridization-ready DNA. The kit enables the preparation of hybridization-ready DNA from as little as 100pg of RNA (WT Pico Reagent Kit User Guide, 2015). Using this kit, 500pg of RNA from each array cohort LCM sample first underwent reverse transcription to synthesise first-strand cDNA using primers containing a T7 promoter sequence. A 3’ Adaptor is then added to the single stranded cDNA to act as a template for double stranded cDNA synthesis. This step uses DNA polymerase and RNase H to simultaneously degrade the RNA template and synthesise single stranded cDNA with 3’ Adaptor. The single stranded cDNA is then converted to double stranded cDNA to act as a template for in vitro transcription (IVT). During the IVT step, complimentary RNA (cRNA) is synthesised and also amplified using T7 RNA polymerase with the double stranded cDNA acting as a template.  
20 µg of cRNA from each sample was then used to synthesise sense strand cDNA by reverse transcription, followed by RNase H hydrolysis of the cRNA template to leave single stranded cDNA only. 5.5 µg of this single stranded cDNA from each sample was fragmented by uracil-DNA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 1 (APE1) which break the DNA strand. This fragmented cDNA was then “labelled” by covalent linkage to biotin. Once fragmented and labelled, the cDNA was ready for array hybridisation. 
The Affymetrix Gene Chip Mouse Gene 2.0 ST Array cartridge was used according to manufacturer’s instructions. 5.5 µg of fragmented and labelled single stranded cDNA from each sample was mixed in a hybridisation Master Mix and this hybridisation cocktail was injected into the array cartridge and hybridisation took place for 16 hours at 45°C in a hybridisation oven (Affymetrix). Following hybridisation, each microarray cartridge was washed and stained in the GeneChip Fluidics Station 400 (Affymetrix) according to manufacturer’s instructions. The arrays were stained with light sensitive streptavidin phycoerythrin (SAPE) which binds to biotin, followed by the addition of a biotinylated anti-streptavidin antibody. Finally, the arrays were scanned in the GeneChip 3000 scanner (Affymetrix, UK) which uses a high-resolution laser to measure the fluorescent intensity of hybridised transcripts. All array processing described in this section was performed by Catherine Gelsthorpe and Paul Heath, University of Sheffield. Microarray data handing and analysis is described in Chapter 5.  
[bookmark: _Toc468051720]2.6.3 Synthesis of cDNA for qPCR
RNA samples were removed from the -80°C freezer and allowed to defrost at room temperature. The qScript cDNA Supermix (Quanta Bio, MA, USA) was used to synthesise single stranded cDNA from each RNA sample. The qScript Supermix contains optimised concentrations of magnesium chloride (MgCl2), recombinant RNase inhibitor protein, deoxyribonucleotide triphosphates (dNTPs), reverse transcriptase, oligonucleotide (dT) primer, random primers and stabilisers.  The Supermix was used as per the manufacturer’s instructions. For each sample, the volume of RNA to be converted to cDNA was recorded before the RNA was transferred to a sterile 0.2 ml Eppendorf tube and mixed with 4 µl of qScript cDNA Supermix. RNase/DNase-free water was then added to bring the total volume to 20 µl.  A negative control containing no RNA template but only nuclease-free water and qSCRIPT Supermix was always included during cDNA synthesis. The samples were incubated for 5 minutes at 25°C, 30 minutes at 42°C and then 5 minutes at 85°C before being held at 4°C. The cDNA samples were then stored at -80°C until used for downstream applications.   
[bookmark: _Toc468051721]2.6.4 Quantitative PCR	
Quantitative real-time PCR (qPCR ) was used to validate microarray gene expression results. For each reaction, 10µl of 2 x GoTaq Probe qPCR Master Mix (Promega, UK), 0.2 µl carboxy-X-rhodamine (CXR) reference dye (Promega), 2 µl of target gene primer (10x) (TaqMan, Life Technologies, UK) and 6.8 µl of nuclease-free water were mixed together and added to 2µl cDNA in a well of a 384-well PCR plate.   Samples for each gene were run in duplicate on the same plate. The plate was centrifuged at 2000 rpm for 2 minutes and the PCR reaction was run on a 7900T fast real time PCR system (Applied Biosystems, UK) following the manufacturer’s instructions for the GoTaq Probe qPCR Master Mix.  The PCR primers used are listed in table 2.1.









[bookmark: _Toc468072803]

Table 2.1 mRNA qPCR assay primers  
	Gene
	Primer (Life Technologies, UK)

	18S
	Mm03928990_g1      

	Ppia (Cyclophilin A)
	Mm02342430_g1         

	CD68
	Mm03047343_m1       

	Acta 2 (smooth muscle actin)
	Mm01204962_gH        

	Itch
	Mm00492683_m1     

	Anapc1
	Mm01336123_m1   

	Huwe1
	Mm00615533_m1



Relative gene expression was calculated using the comparative cycle threshold (Ct) method (Livak and Schmittgen, 2001), normalising the Ct values from experimental samples to a housekeeping gene (either 18s or cyclophilin A) before comparing these normalised Ct values between experimental groups, using log-transformed data for statistical analysis.  
[bookmark: _Toc468051722]2.7 Statistics
Data were expressed as mean +/- standard error of the mean (SEM) unless otherwise stated. Statistical significance analyses were performed by Student’s t test with post hoc test as appropriate using GraphPad Prism version 6 (GraphPad, USA). Statistical significance was defined as p<0.05. Statistical analyses of microarray data are described in Chapter 5. 




[bookmark: _Toc468033904][bookmark: _Toc468038525][bookmark: _Toc468051723]CHAPTER 3. Development of a model of pneumococcal pneumonia in the setting of established atherosclerosis
[bookmark: _Toc468051724]3.1 Introduction
Despite the growing body of observational clinical data that suggests CAP can trigger ACS, there is a paucity of published experimental data investigating the relationship between these events. An animal model of pneumonia on a background of established atherosclerosis is required to explore the mechanisms underlying this relationship. Several studies have explored the effect of C. pneumoniae infection on mouse models of atherosclerosis, but these have largely involved the administration of multiple doses of the bacteria, and therefore are models of sustained or chronic infection as opposed to an episode of acute pneumonia (Burnett et al., 2001, Rothstein et al., 2001, Moazed et al., 1999).   A murine model of pulmonary influenza infection in aged ApoE-/- mice has previously been described, demonstrating increased inflammatory infiltration in established plaques following infection (Naghavi et al., 2003) However, despite S. pneumoniae being the most commonly identified cause of CAP, to my knowledge there is no published description of a combined animal model of pneumococcal pneumonia and atherosclerosis. Intranasal or intratracheal administrations of pneumococci are well-established murine models of pneumococcal pneumonia that have been instrumental in our understanding of the pathogenesis of this disease (Chiavolini et al., 2008).   They have also proved valuable in assessing the efficacy of novel antimicrobial therapies and vaccines (Nuermberger, 2005, Steinhoff, 2007). Mice have been used to model self-resolving lung infection but also severe, fatal pneumonia with significant lung bacterial counts, neutrophil recruitment, bacteraemia and sepsis (Dockrell et al., 2003, Marriott et al., 2006, Rubins et al., 1995, Kadioglu et al., 2000, Chiavolini et al., 2008).
ApoE-/- mice are a well-established mouse model of atherosclerosis and develop atherosclerotic lesions which share many characteristics of human plaques including a necrotic core, smooth muscle cells, an extracellular matrix and fibrous cap development (Getz and Reardon, 2012, Piedrahita et al., 1992). These mice are prone to developing lesions in the aortic sinus and brachiocephalic artery but very rarely develop lesions in the coronary artery (Nakashima et al., 1994).  When fed a normal “chow” diet, they develop advanced, fibrous atherosclerotic plaques by approximately 20 weeks of age. This process can be expedited by feeding mice high-fat, high-cholesterol atherogenic diets, such as Western diet or the more aggressive cholate-containing Paigen diet, which allow for the development of complex lesions after approximately 6-8 weeks of feeding (Nakashima et al., 1994, Watt et al., 2011, Paigen et al., 1985). Western-diet feeding results in significantly raised plasma cholesterol levels in ApoE-/- mice, ranging from approximately 1000-4000 mg/dl compared with a range of 300-800 mg/dl in chow-fed ApoE-/- mice (Nakashima et al., 1994). In addition to its role in lipid metabolism, there is mounting evidence that ApoE has immunomodulatory properties. ApoE-/- mice have been shown to be more susceptible to infection with the intracellular bacteria Klebsiella pneumoniae and Listeria monocytogenes, suggesting that ApoE enhances innate immune responses (Roselaar and Daugherty, 1998, de Bont et al., 2000). ApoE may also regulate T-cell activation by down-regulating expression of MHC class II and co-stimulating molecules on the antigen-presenting cell (Tenger and Zhou, 2003). 
In this chapter I describe the development of a mouse model of pneumococcal pneumonia on a background of established atherosclerosis. In a cohort of patients admitted with pneumococcal pneumonia, 50% of those who developed MI during admission were bacteraemic and increased pneumonia severity and pre-existing coronary artery disease have been identified as possible risk factors for the development of post-pneumonic cardiovascular events. (Ramirez et al., 2008, Musher et al., 2007, Corrales-Medina et al., 2012, Corrales-Medina et al., 2011).The aim therefore was to develop a model of severe pneumococcal pneumonia with consistent bacteraemia but also relatively high survival rates to enable an assessment of the effect of this infection on established plaque development over an extended period of time.  

[bookmark: _Toc468051725]3.2 Methods
A detailed description of the S.pneumoniae instillation protocols and microbiological techniques used during the experiments described in this Chapter can be found in Chapter 2.
3.3 Results 
[bookmark: _Toc468051726]3.3.1 Wild type mice
Initial experiments were carried out using the formalin fixed bodies of male wild type C57BL/6 mice which were kindly donated by Dr Stuart Allen, University of Manchester.  From the age of 12 weeks, these mice had been fed an atherogenic Paigen diet for 8 weeks prior to intranasal infection with serotype 19F S.pneumoniae (ATCC 49619, VA, USA) or mock infection with PBS. The mice had been given doses of S.pneumoniae on day 0 (2 x 106 cfu), day 2 (4 x 106 cfu) and day 5 (8 x 106 cfu).  They were then sacrificed on day 6 and their bodies fixed in 10% FBS for 24 hours prior to storage in PBS. Analysis of Oil Red O stained, en face aorta preparations demonstrated increased plaque lesion area, calculated as a percentage of total aortic area, in infected mice (1.70% ± 0.19, n=5) compared to mock infected controls (0.77% ± 0.33, n=4, p<0.05)(Figure 3.1).  
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[bookmark: _Toc468072874]Figure 3.18Significant increase in aorta atherosclerotic lesion formation following 3 rounds of serotype 19F S. pneumoniae intranasal infection in wild type mice fed a Paigen diet.
Representative images (a) of Oil Red O stained aortae from control (mock infected with PBS) mice and S. pneumoniae infected mice. Lesion area was measured using image analysis software and expressed as a percentage of aorta surface area (b). (n=4-5, *p<0.05, unpaired two-tailed Student’s t-test). 


[bookmark: _Toc468051727]3.3.2 Paigen fed ApoE deficient mice
Consistent with the published literature (Getz and Reardon, 2006), the Paigen-fed wild type mice did not demonstrate any significant lesion formation at the aortic sinus (images not shown), and therefore this was not a suitable model for a detailed exploration of the effect of pneumonia on individual, complex plaques. Paigen-fed ApoE-/- mice were therefore used to further develop the model.  Serotype 1 S.pneumoniae has a high invasive disease potential and was chosen with the aim of producing high rates of bacteraemia following respiratory tract instillation (Sandgren et al., 2005, Sandgren et al., 2004).
Male ApoE-/- mice aged 10-12 weeks were fed a Paigen diet for 8 weeks. The mice were then infected by intratracheal instillation of 107 cfu type 1 S. pneumoniae, or mock infected, with the intention of assessing atherosclerotic plaque development 2 weeks post infection. Blood samples were taken by tail vein snip 24 hours post infection to measure blood viable bacterial counts. 16 mice were commenced on Paigen diet, with 3 dying during the feeding period. These 3 mice were all aged between 10-11 weeks at the time the Paigen diet was commenced. Of the 8 infected mice, only 3 survived to the end of the planned 14 day observation period. 2 mice died within 24 hours of infection, 2 died 24-72 hours post infection and 1 was culled at 5 days due to signs of severe illness (Figure 3.2). All but 1 of the 6 mice which had a blood sample taken at 24 hours post infection were bacteraemic, with mean blood viable bacterial count of 5.3 x 105 cfu/ml (range 3.3 x 102 – 1.6 x 106, n=5). 5 mice were mock infected and all were culled 14 days post infection as planned. 
Mice which had survived for longer than 72 hours after infection/mock infection were assessed for atherosclerotic burden. Oil Red O stained whole aortae showed no significant difference in lesion area following infection (3.20% ± 1.19 mock infected vs. 2.41% ± 0.43 infected; n=3-4, ns). Similarly, there was no significant difference in aortic sinus plaque area, represented as a % of sinus CSA, between the 2 groups (22.78% ± 4.82 mock infected vs. 23.99% ± 1.15 infected; n=4-5, ns) (Figure 3.2). 
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[bookmark: _Toc468072875]Figure 3.29 Significant mortality but no significant effect on atherosclerosis burden in Paigen fed ApoE-/- mice following Type 1 S.pneumoniae infection.
Cumulative survival (a) after intratracheal instillation of 107 cfu serotype 1 S. pneumoniae (n=8) or mock infection (n=5) (p=0.037 log rank analysis, Mantel-Cox test). No significant difference in lesion area in en face whole aortae (b) or at the aortic sinus (c). Representative image of aortic sinus of Paigen fed mouse 2 weeks post infection (x40 magnification, scale bar = 100 µm) (d). 

[bookmark: _Toc468051728]3.3.3 Western diet fed ApoE-/- mice
In contrast to data generated from wild type mice, pneumococcal infection had no significant effect on atherosclerosis burden in Paigen-fed ApoE-/- mice. Paigen diet feeding resulted in a relatively high baseline level of plaque development at the time of pneumococcal instillation, possibly explaining the absence of an effect of infection on atherosclerosis seen with this diet.  The Paigen diet was therefore replaced with a Western diet which contains less cholesterol and no cholate and leads to plaque formation at a slower rate. However, 8 weeks of Western diet feeding in ApoE-/- mice has been shown to result in complex plaque formation, albeit smaller than those seen with the Paigen diet (Watt et al., 2011, Chamberlain et al., 2009). As described earlier, Paigen-fed ApoE-/- mice demonstrated significant mortality within the first 6 hours following intratracheal instillation of pneumococci, with 2 mice dying during this period. This raised the possibility that these mice were particularly susceptible to the effects of this invasive procedure and the required prolonged general anaesthesia. The model was therefore further modified by the replacement of intratracheal with intranasal instillation, a non-invasive procedure requiring an inhalation anaesthetic for 1-2 minutes followed by rapid recovery to full consciousness.    
Preliminary experiments involved the use of C57BL/6 to identify a strain of S. pneumoniae which causes pneumonia with high rates of bacteraemia following intranasal instillation.  Serotypes 1 and 4 were chosen as they have previously been shown to have relatively high invasive disease potentials in both humans and mice. Serotype 14 was also used as although it has been reported to frequently colonise the upper respiratory tract in children, it can also cause invasive disease in humans (Sandgren et al., 2005, Sandgren et al., 2004, Kalin, 1998, Henriques et al., 2000, Brueggemann et al., 2004).  Ten week old female C57BL/6 mice were infected by intranasal instillation of 107 cfu of serotypes 1, 4 or 14 S.pneumoniae. The mice were culled 24 hours post infection and blood and lungs collected for viable bacterial counts. At this time point, 75% of the mice infected with type 4 S. pneumoniae were bacteraemic whereas there were no bacteraemic mice amongst those infected with types 1 and 14 (Figure 3.3). 75% of mice infected with type 4 S.pneumoniae had detectable pneumococci in the lungs compared to 25% of those infected with serotypes 1 and 14 (n=4) (Figure 3.3). 
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[bookmark: _Toc468072876]Figure 3.310Microbiological outcomes in female C57BL/6 mice 24 hours after intranasal instillation of S.pneumoniae.
Bacteria in blood (a) and lung homogenates (b) following infection with 107 cfu of type 1, 4 or 14 pneumococci (n=4). 





Having identified serotype 4 S.pneumoniae as a strain with high invasive disease potential following intranasal instillation in mice, further experiments were conducted to optimise the infecting dose in ApoE-/- mice to achieve high rates of both survival and bacteraemia in an atherosclerosis model.  Male ApoE-/- mice aged 11-13 weeks were fed Western diet for 8 weeks. The mice were then infected with 105 cfu, 5 x 104 cfu or 104 cfu serotype 4 S.pneumoniae by intranasal instillation. Mice were culled 24 hours after infection and blood collected for viable bacterial counts. The percentage of mice with bacteraemia following the 105 cfu dose was 100%, compared with 40% (5 x 104 cfu) and 20% (104 cfu) for the other doses (n=3-5) (Figure 3.4). 



[bookmark: _Toc468072877]Figure 3.411Blood viable bacterial counts in male, Western diet fed ApoE-/- mice 24 hours after intranasal instillation of serotype 4 S.pneumoniae.
Bacteria in blood following infection with 105, 5 x 104 or 104 cfu serotype 4 pneumococci demonstrating consistent bacteraemia following the 105 cfu dose (n=3-5).  


The survival rate of ApoE-/- mice infected with the 105 cfu dose was then assessed.  8 Western diet-fed male ApoE-/- were infected intranasally with 105 cfu serotype 4 S.pneumoniae and were to be observed for 2 weeks post infection. In this cohort, blood was collected by tail vein snip 24 hours post infection. Within 72 hours of infection all mice either died or had to be culled due to developing signs of severe illness. 2 of the 8 mice in this cohort were not bacteraemic at 24 hours post infection. Survival assessments in small cohorts (n=3) of Western diet-fed ApoE-/- mice infected with 5 x104 cfu and 104 cfu also demonstrated high mortality rates within 72 hours of infection (100% and 66.7% respectively). As doses lower than 105 cfu resulted in relatively low rates of bacteraemia, the model was further modified by the inclusion of antibiotic recovery to promote survival despite IPD. The use of antibiotics also allowed for the instillation of a higher dose of pneumococci, and 5 x105 cfu was chosen to produce greater blood bacterial counts than those seen with the 105 cfu dose. 
To first assess microbiological and inflammatory outcomes, male Western diet fed ApoE-/- mice were infected with 5 x105 cfu serotype 4 S.pneumoniae by intranasal installation (or mock infected with PBS). The mice were culled 24 hours after infection and blood and lungs collected for viable bacterial counts.  BAL fluid was also collected for total and differential cell counts (Figure 3.5). After infection, 8 out of 9 mice (89%) had bacteraemia and 8 out of 9 (89%) had detectable pneumococci in the lungs (Figure 3.5 a and b). The 1 mouse in this cohort which was not bacteraemic did have detectable bacteria in the lungs and 9% BAL fluid differential neutrophil count, suggestive of lung infection with associated inflammatory response.  Compared to mock infected mice, the infected mice demonstrated a significant increase in total and differential (% neutrophil) BAL fluid cell counts, consistent with the development of pneumonia (Figure 3.5 c and d). 
The introduction of antibiotic recovery was the final modification of the model. 	Male Western diet-fed ApoE-/- mice were infected (or mock infected) with 5 x105 cfu serotype 4 S.pneumoniae by intranasal instillation. They were then given 3 x 100mg/kg doses of amoxicillin s.c. at 12 hourly intervals with the first dose given at 24 hours post infection (or mock infection). Of the first 26 mice infected using this model, 3 were culled at 36, 48 and 72 hours post-infection respectively due to signs of severe illness, with the rest surviving to 2 weeks.  These 3 culled mice all had relatively high levels of bacteria in tail vein snip blood 24 hours post infection (range 9.7 x 106 - 2.7 x 107  cfu), suggesting that the cause of their deterioration was likely to be sepsis. The model resulted in a 2 week post-infection survival rate of 88.5%.
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[bookmark: _Toc468072878]Figure 3.512Characterisation of microbiological and inflammatory features of Western diet-fed male ApoE-/- mice 24 hours after infection with 5 x105 cfu type 4 S.pneumoniae by intranasal instillation.
Bacteria in blood (a) and lung homogenates (b) following infection with S.pneumoniae (n=9).  Differential BAL fluid cell count expressed as % neutrophils (c) following infection or mock infection with PBS (n=8-9, **p<0.005, unpaired t-test with Welch’s correction). Total BAL fluid cell count (d) following infection or mock infection with PBS (n=8-9, *p<0.05, unpaired t-test).  


[bookmark: _Toc468051729]

3.4 Discussion
In this chapter I have described the development of a murine model of pneumococcal pneumonia on a background of established atherosclerotic plaque formation, with high rates of bacteraemia and survival post infection. The optimised model uses intranasal instillation of serotype 4 pneumococci in ApoE-/- mice fed a Western diet and includes the administration of antibiotic therapy to augment survival rates. 
Preliminary experiments involved the use of Paigen diet-fed wild type mice and demonstrated increased whole aorta atherosclerotic lesion formation following infection with S. pneumoniae, which suggests that pneumococcal infection can promote atherogenesis. Interestingly, the strain of pneumococci used with this wild type model was 19F, which has a relatively high colonisation potential and is associated with recurrent upper respiratory tract infections, particularly in children (Nunes et al., 2005, Rodgers et al., 2009). However, pneumococci were detected in the lungs but not blood and therefore this was a model of lung infection, without bacteraemia (Denes et al., 2014).  Serotype 19 strains have previously been used to induce focal pneumonia without bacteraemia or sepsis in mice (Briles et al., 2003, Tateda et al., 1996), and therefore this strain may prove useful in investigating the impact of this manifestation of pneumococcal disease on atherosclerosis in future experiments. The finding of increased whole aorta atherosclerosis following infection with this strain suggests that mechanisms which are not associated with bacteraemia may play in important role in promoting atherosclerotic plaque progression post pneumonia. However, these wild type mice were infected with 3 increasing doses of pneumococci over a period of 5 days, an infection schedule which likely results in sustained infection and is therefore a less reliable model of human pneumococcal pneumonia as compared to a single dose where pneumococci transit to the lungs over a short period of time.  The other main limitation of the wild type mouse model was the expected lack of development of complex plaques at the aortic sinus, precluding an assessment of the effect of infection on individual plaques and therefore plaque vulnerability markers. 
Infection with the relatively invasive type 1 strain of pneumococci in the male Paigen-diet fed ApoE-/- mice resulted in high rates of bacteraemia but had no effect on plaque burden. The Paigen diet contains cholate which significantly potentiates the hyperlipidaemic response in these mice by acting as an emulsifying agent, facilitating cholesterol and fat absorption (Paigen et al., 1985). The resulting high baseline level of atherosclerosis may therefore have prevented further expansion of plaques post infection, and so the less atherogenic Western diet was used to develop the model further. Similarly, male ApoE-/- mice were used to help limit the growth of plaques by the time of infection, as they have been shown to develop smaller aortic sinus plaques compared to female ApoE-/- mice (Caligiuri et al., 1999). Furthermore, there is evidence from studies using cytomegalovirus (CMV) and C. pneumoniae to suggests that infections increase atherosclerotic plaque formation in male but not female ApoE-/- mice (Burnett et al., 2001).
The Paigen diet model also resulted in high mortality, most likely due to sepsis, although the intratracheal instillation procedure and its prolonged anaesthesia and recovery period may also have contributed to this.  In addition to atherosclerosis, high fat-diet fed ApoE-/- mice have been shown to be a model of non-alcoholic steatohepatitis (NASH) with hepatic fibrosis, a condition which is associated with an increased risk of postoperative death following major surgery in humans (Zarzavadjian Le Bian et al., 2012, Schierwagen et al., 2015). The development of NASH in these mice has been demonstrated following as little as 7 weeks of Western Diet feeding. Ketamine is metabolised in the liver, and therefore liver dysfunction may have potentiated its effect in this model, possibly causing early post-procedure mortality (Soleimanpour et al., 2015).   
Although intranasal instillation of pneumococci delivers a lower proportion of the bacterial inoculum into the lung as compared to intratracheal instillation, it has the advantage of being a rapid, non-invasive and technically less difficult procedure. Serotype 4 pneumococci demonstrated a greater propensity to cause bacteraemia in ApoE-/- mice following intranasal instillation as compared to serotypes 1 and 14. This is consistent with previous studies of intranasal instillation of pneumococci in strains of wild type mice including C57BL/6 mice and BALB/c mice (Sandgren et al., 2005, Chiavolini et al., 2008). The optimised model resulted in increased total BAL cell count and significant neutrophil recruitment consistent with pneumonia, although analysis of histological sections of mouse lung following infection will be necessary to provide histopathological evidence of the disease. 
Data generated during the development of this model have demonstrated that without antibiotics, male ApoE-/- mice fed a high fat diet display relatively low rates of survival following S. pneumoniae infection. Furthermore, there was significant mortality even following low dose type 4 pneumococcal infection (104 cfu) and in mice with relatively low level bacteraemia and 0% survival with the 105 cfu dose. Higher survival rates (40%-67%) following larger pneumococcal doses (1-5 x 106 cfu) have been reported in other mouse strains also intranasally infected with TIGR4 pneumococci (Sandgren et al., 2005, Beiter et al., 2006, Kerr et al., 2005). This may in part be explained by the fact that most, but not all, of these studies used female mice only, which have been shown to be less susceptible to pneumococcal infection than male mice. For example, male C57BL/6 mice with pneumococcal pneumonia (serotype 2) have higher mortality rates and higher levels of neutrophil recruitment and pro-inflammatory cytokines than female mice (Kadioglu et al., 2011). However, it also seems likely that regardless of gender, high fat diet-fed ApoE-/- mice develop dysfunctional immune responses rendering them more susceptible to pneumococcal infection than other mouse strains.  This is reflected in the fact that deaths were seen even in mice without bacteraemia, although as blood was only taken at 24 hours post infection for viable bacterial count, these mice may have been bacteraemic at a different time point. Compared to wild type mice, ApoE-/- mice have previously been shown to be more susceptible to the Gram negative Klebsiella pneumoniae, with higher levels of circulating TNF-α and bacterial counts in blood, liver and spleen. The absence of these differences following neutrophil depletion suggests that granulocyte dysfunction may play a role in this increased susceptibility to infection (de Bont et al., 2000). ApoE may also be important in directing bacterial endotoxin to parenchymal liver cells instead of cytokine-producing Kuppfer cells and therefore facilitates a reduction in peak serum cytokine levels following Gram-negative bacterial infections (Rensen et al., 1997).  ApoE-/- mice also have increased susceptibility to the Gram-positive bacteria Listeria monocytogenes, again with high circulating levels of TNF-α, and also disseminated Candida Albicans infection potentially as a result of increased availability of lipids used as nutrients by the fungus (Roselaar and Daugherty, 1998, Vonk et al., 2004). It should be noted that much of the evidence relating to the immunomodulatory role of ApoE is contradictory. For example, in a rat model of abdominal sepsis, serial injections of ApoE resulted in increased mortality (Kattan et al., 2008). Further work is required to confirm a greater susceptibility to pneumococcal infection in ApoE-/- mice compared to other strains, and the mechanisms underlying this phenomenon. 
The model described in this chapter can be adjusted to increase the severity of infection, either by increasing the dose of bacterial inoculum and/or delaying the time until first dose of antibiotic. However, any such adjustment is likely to result in a lower rate of survival. Similarly, the duration of high-fat feeding may also be altered to assess the effect of infection on plaques at different stages of development, although due to the resulting alterations in weight it is likely that further optimisation of pneumococcal dosage would be required to achieve the desired microbiological effects. 
In summary, I have described experiments conducted to optimise a combined model of pneumococcal pneumonia with established atherosclerosis. The model involves intranasal instillation of type 4 pneumococci into Western diet-fed male ApoE-/- mice followed by antibiotic recovery resulting in pneumonia with high rates of bacteraemia and low mortality. To my knowledge, this is the first model of its type and I went on to use it to investigate the effect of pneumococcal pneumonia on atherosclerotic plaque progression.  
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CHAPTER 4. The effect of pneumococcal pneumonia on atherosclerotic lesion burden and markers of plaque vulnerability
[bookmark: _Toc468051731]4.1 Introduction
There is a growing body of evidence for an increased risk of ACS following CAP. One meta-analysis of observational studies found a pooled incidence rate of 5.3% for post pneumonic ACS (Corrales-Medina et al., 2011), and rates as high as 11% have been reported (Cangemi et al., 2014).  Although these studies have found that the majority of those cardiac events occur within the first few days after pneumonia, evidence for a prolonged increase in cardiovascular risk, up to several years later, is beginning to emerge (Corrales-Medina et al., 2015, Yende et al., 2011a). High circulating inflammatory markers in patients who have recovered from CAP are associated with increased 1-year all-cause and CVD related mortality (Yende et al., 2008).  
S. pneumoniae is the most common cause of CAP, and is also a major cause of bacteraemia and sepsis (Musher and Thorner, 2014, van der Poll and Opal, 2009). Coronary atherosclerotic plaque rupture is the most common pathophysiological cause of ACS, and I therefore hypothesised that the systemic inflammatory response to pneumococcal pneumonia with bacteraemia causes destabilising inflammatory changes within atherosclerotic plaques, increasing the risk of rupture.  I tested this hypothesis using the mouse model developed in Chapter 3 and measured plaque vulnerability markers and plaque burden following pneumonia. The experiments described in this chapter focus on the longer term effects of pneumonia on atherosclerotic plaques, beyond the period of acute illness, at time points when complete recovery has taken place.   
[bookmark: _Toc468051732]4.2 Methods
Male ApoE-/- mice aged 11-12 weeks old were fed a high-fat Western diet for 8 weeks. They were then infected by intranasal instillation of 5 x 105 cfu serotype 4 S. pneumoniae (or mock infected with PBS) followed 24 hours later by the first of 3 doses of 100mg/kg amoxicillin administered s.c. at 12 hourly intervals. Aortic sinus lesion size and plaque composition were assessed at 2 weeks and 8 weeks post infection. Brachiocephalic lesion size and plaque composition were also assessed 2 weeks post infection. A detailed description of these methods can be found in Chapter 2. 
[bookmark: _Toc468051733]4.3 Results
4.3.1 Atherosclerosis 2 weeks post infection 
4.3.1.1 Aortic sinus 
Pneumococcal pneumonia had no effect on the gross histology of the aortic sinus at 2 weeks post infection.   At this time point, all mice had at least one advanced lesion with necrotic core formation and a fibrous cap. However, other valve leaflets often contained less advanced plaques or fatty streaks only (Figure 4.1a and b). There was no evidence of significant thrombus formation within aortic sinus valve leaflets. Pneumococcal infection had no effect on aortic sinus lesion area, expressed as a % of sinus CSA (9.27% ± 1.05 mock infected vs. 9.69% ± 1.41 infected; n=10-12; ns) (Figure 4.3a).   However, infection did lead to increased plaque macrophage content, represented as a % of total lesion area (7.99% ± 2.50 mock infected vs. 18.06% ± 3.42 infected; n=11-12; p<0.05)(Figure 4.3b). Other markers of plaque vulnerability were not modified by infection, with no significant differences in either plaque collagen (32.72% ± 3.01 mock infected vs. 31.63% ± 3.72 infected; n=11-12; ns) or smooth muscle content (0.60% ± 0.26 mock infected vs. 0.39% ± 0.10 infected; n=11-12; ns) identified between the 2 groups, both of which were represented as % area of positive staining/total lesion area (Figures 4.3cand d). Expression of cell replication marker Ki67, represented as % positive plaque cells, was also unaffected by pneumococcal infection (15.84% ± 1.68 mock infected vs. 15.71% ± 2.72 infected; n = 9-10; ns) (Figures 4.2 and 4.3e) at this time point. 
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[bookmark: _Toc468072879]Figure 4.113Aortic sinus sections 2 week post infection/mock infection.
Representative images of MVG stained aortic sinus sections from S. pneumoniae infected (a) and control (mock infected with PBS) (b) ApoE-/- mice (x40 magnification, scale bar 100 µm). MAC 3 immunostained aortic sinus plaques from infected (c) and control (d) mice (x100 magnification, scale bar = 100µm, p=plaque area), positive stained cells appear brown in colour. Picrosirius red stained aortic sinus plaque (e) from an infected mouse, positive staining for collagen appears red in colour (x100 magnification, scale bar = 50µm). Aortic sinus section (f) from an infected mouse immunostained for smooth muscle actin, positive stained areas appear brown in colour (x100 magnification, scale bar = 50µm). 



[bookmark: _Toc468072880]Figure 4.214Ki67 immunostained aortic sinus plaque
Aortic sinus plaque region stained immunohistochemically for the Ki67 cell replication marker, black arrows point to positively stained cells which appear brown (x400 magnification, scale bar = 10µm). 
















[bookmark: _Toc468072881]Figure 4.315Significant increase in aortic sinus plaque macrophage content at 2 weeks post infection, but no effect on lesion area, plaque collagen, smooth muscle content or Ki67 immunostaining.
Aortic sinus lesion area (a), shown as a % of sinus CSA, in control (mock infected with PBS) mice and S. pneumoniae infected mice.  Plaque macrophage content (b) expressed as % area of MAC 3 staining/total lesion area (n=11-12, *p<0.05, unpaired two-tailed t-test). Plaque collagen (c) and smooth muscle actin (sma) (d) content both shown as % area of positive staining/total lesion area. Plaque cell replication expressed as % of cells staining positive for Ki67 (e). 



4.3.1.2 Brachiocephalic artery
Atherosclerotic lesion  formation within the proximal brachiocephalic artery 2 weeks post infection/mock infection was less consistent than that seen in the aortic sinus. Only 12 of the 21 (57%) brachiocephalic arteries examined demonstrated complex plaques as defined by necrotic core formation with an overlying fibrous cap (Figures 4.4a and b). The remainder either had no lesion formation (Figure 4.4c) or fatty streaks only. Lesion area was assessed in all brachiocephalic artery samples but plaque composition markers were only assessed in arteries demonstrating complex plaque formation. 
Proximal brachiocephalic artery sections 2 weeks post infection/mock infection demonstrated no significant difference in atherosclerotic lesion area, expressed as a % of vessel CSA, between the two groups (9.06% ± 2.48 mock infected vs. 8.26% ± 2.71 infected; n=10-11, ns) (Figure 4.6a). Similarly, no effect on plaque composition was demonstrated, as infection did not significantly modulate plaque macrophage (3.55% ± 1.72 mock infected vs. 6.33% ± 2.57 infected ; n=6, ns), collagen (34.43% ± 8.78 mock infected vs. 36.85% ± 10.68 infected; n=6, ns) or smooth muscle actin content (3.30% ± 1.20 mock infected vs. 6.65% ± 3.03; n=6, ns) (Figures 4.6b, c and d). There was also no significant difference in the proportion of brachiocephalic arteries demonstrating buried cap formation within their plaques, with 2 in the infected group and 1 in the mock infected group (n=6) (Figure 4.5).  
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[bookmark: _Toc468072882]Figure 4.416Brachiocephalic artery sections 2 week post infection/mock infection.
Representative images of MVG stained brachiocephalic artery sections from S. pneumoniae infected (a) and control (mock infected with PBS) (b) ApoE-/- mice demonstrating plaque formation. Brachiocephalic artery section from an infected mouse demonstrating no plaque formation (c). Representative brachiocephalic artery sections from S. pneumoniae infected ApoE-/- mice stained for collagen (Picrosirius Red stain) (d), MAC 3 (e) and smooth muscle actin (f). All images x100 magnification, scale bar = 50µm. 


[bookmark: _Toc468072883]Figure 4.517Buried caps in brachiocephalic artery sections
Black arrows point to buried caps in brachiocephalic artery sections from the same mouse stained with MVG (a) and immunostained for smooth muscle actin (b). Buried caps are fibrous layers within the body of the plaque overlaid by plaque areas with necrotic core formation and a separate fibrous cap (x100 magnification, scale bar = 50µm).   



[bookmark: _Toc468072884]Figure 4.618Brachiocephalic artery atherosclerotic lesion area and plaque composition at 2 weeks post infection/mock infection.
Aortic sinus lesion area (a), shown as a % of artery CSA, in control (mock infected with PBS) mice and S. pneumoniae infected mice.  Plaque macrophage (b), collagen (c) and smooth muscle actin content (d) all expressed as % area of positive staining/total lesion area.  
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4.3.2 Atherosclerosis 8 weeks post infection
At 8 weeks post infection, the gross histology of aortic sinus sections was similar in pattern to sections taken at 2 weeks post infection although, as would be expected, moderate expansion of plaques (from approximately 9% (2 weeks) to 12% (8 weeks) mean lesion area) was demonstrated and a greater proportion of mice had at least 2 complex lesions (containing necrotic core and fibrous cap) at this later time point. 
Aortic sinus sections at the 8 week post infection time point demonstrated no significant difference in atherosclerotic lesion area, expressed as a % of sinus CSA, between infected and mock infected ApoE-/- mice (12.26% ± 1.26 mock infected vs. 12.26% ± 1.61 infected; n=10-12, ns) (Figure 4.8a).  Furthermore, infection had no effect on plaque composition at this time point, as no significant differences in plaque macrophage (13.63% ± 2.98 mock infected vs. 13.41% ± 2.07 infected; n=9-12, ns), collagen (60.01% ± 4.73 mock infected vs. 63.24% ± 2.81; n=11-13, ns) or smooth muscle content (4.38% ± 0.75 mock infected vs. 2.96% ± 0.46 infected, n=9-12, ns) (Figures 4.8b, c and e) were demonstrated, although there was a trend towards decreased smooth muscle content (p=0.11, unpaired student’s t test). 





[bookmark: _Toc468072885]Figure 4.719Aortic sinus sections 8 weeks post infection/mock infection. a
b
c
d
e

Representative images of MVG stained aortic sinus sections from S. pneumoniae infected (a) and control (b) ApoE-/- mice (x40 magnification, scale bar 100 µm). Representative aortic sinus sections from S. pneumoniae infected ApoE-/- mice stained for MAC 3 (c), collagen (Picrosirius Red stain) (d) and smooth muscle actin (e) (x40 magnification, scale bar = 100 µm).



[bookmark: _Toc468072886]Figure 4.820Aortic sinus atherosclerotic lesion area and plaque composition at 8 weeks post infection/mock infection.
Aortic sinus lesion area (a), shown as a % of sinus CSA, in control (mock infected with PBS) mice and S. pneumoniae infected mice.  Plaque macrophage (b), collagen (c) and smooth muscle actin content (d) all expressed as % area of positive staining/total lesion area.  






[bookmark: _Toc468051735]4.3.3 Streptococcus pneumoniae invasion into vascular tissue
Male ApoE-/- mice aged 11-13 weeks old were fed a high-fat Western diet for 7-8 weeks. They were then infected by intranasal instillation of a high dose (107 cfu) of serotype 4 S. pneumoniae (or mock infected with PBS). These mice did not receive antibiotics, but instead were closely monitored until they developed signs of severe illness (range 24-30 hours post infection), at which point they were culled.  Formalin-fixed, paraffin-embedded aortic sinus sections from these mice were stained with an anti-serotype 4 pneumococcal antiserum and an immunofluorescent secondary antibody to detect pneumococcal invasion into tissue. Although a preliminary analysis has not identified any positive staining within atherosclerotic lesions themselves, evidence for pneumococcal invasion into loosely packed thrombi  within the aortic sinus valve leaflet was seen (Figure 4.9).  These thrombi consisted of red blood cells, as identified with MVG staining, and this histological finding was demonstrated in 2 of the 7 mice infected with this high dose of pneumococcus.  However, similar red blood cell aggregation within aortic sinus valve leaflets was also found in 1 of the 6 mice mock infected with PBS and it is therefore unlikely to have been directly triggered by infection. Instead, the accumulation of red blood cells in this manner is likely to be an artefact that occurs as a result of cardiac puncture and subsequent activation of the coagulation cascade. 






[bookmark: _Toc468072887]Figure 4.921Evidence for pneumococcal invasion into red blood cell rich thrombus a
Aortic sinus 
intimal layer
Red blood cell accumulation
b

Aortic sinus red blood cell accumulation within an aortic sinus valve leaflet from a mouse infected with S.pneumoniae. Immunofluorescence techniques using an anti-serotype 4 pneumococcal antiserum demonstrate the presence of pneumococci within the thrombus,  white arrows point to areas of positive staining (a) (x200 magnification). Aortic sinus section from the same mouse stained with MVG (b) to demonstrate red blood cell accumulation within the valve leaflet (x400 magnification). 

[bookmark: _Toc468051736]4.4 Discussion
In a combined mouse model of pneumonia and atherosclerosis, pneumococcal infection resulted in increased plaque macrophage content at the aortic sinus 2 weeks post infection, a feature which is associated with plaque vulnerability to rupture (Virmani et al., 2006).  However, pneumonia had no significant effect on smooth muscle or collagen content, which suggests that the prevailing phenotype of the excess plaque macrophages is such that they have little impact on the structural integrity of the plaque. It is therefore open to question whether these macrophages have a detrimental effect on plaque stability, although it should be noted that other important markers of plaque vulnerability were not assessed, including neovascularisation, and plaques were examined at only two time points. Also, a trend towards reduced plaque smooth muscle content was seen at the 8 week time point, and further work using a larger sample size may clarify if indeed pneumonia has a longer term effect on this marker of plaque stability. 
There were no differences in plaque composition at the 8 week time point and no differences in atherosclerotic lesion burden at either time point. These results are in some ways consistent with the findings from clinical observational studies of post pneumonic ACS.  Were pneumococcal pneumonia to result in an acceleration of atherosclerotic plaque formation, the risk of ACS would be expected to gradually increase over time post pneumonia, whereas the clinical data generally demonstrate an initial peak in risk in the first few days post infection followed by a gradual decrease back to a baseline or near baseline risk (Smeeth et al., 2004, Corrales-Medina et al., 2010){Smeeth, 2004, Risk of myocardial infarction and stroke after acute infection or vaccination;Corrales-Medina, 2015, Association between hospitalization for pneumonia and subsequent risk of cardiovascular disease;Corrales-Medina, 2011, Cardiac complications in patients with community-acquired pneumonia: a systematic review and meta-analysis of observational studies;O'Meara, 2005, Hospitalization for pneumonia in the Cardiovascular Health Study: incidence`, mortality`, and influence on longer-term survival}. If macrophages are indeed critical to destabilising plaques post pneumonia, an initial increase in plaque macrophage content followed by a gradual fall back to baseline levels would mirror the clinical findings. However, recent studies have suggested a long term effect on cardiovascular risk post pneumonia (Corrales-Medina et al., 2015, O'Meara et al., 2005), but in this model no significant differences in plaque composition were seen at the 8 week time point. 
No differences in plaque composition were identified at the brachiocephalic artery 2 weeks post infection, and furthermore there was no effect on frequency of buried cap formation, a marker of previous plaque rupture. However, the feeding regimen used resulted in a significant proportion of mice not developing plaques at the brachiocephalic artery, which limits the conclusions that can be drawn from this model regarding plaque rupture.  Further work is required using a longer high-fat feeding period and a larger sample size to ensure an adequately powered study, thus enabling a  more robust examination of the effect of pneumonia on plaque rupture. 
Pneumococcal pneumonia had no effect on the expression of the Ki67 proliferation marker, which suggests that cell replication does not significantly contribute to the accumulation of plaque macrophages. Dual immunostaining with a macrophage marker and anti-Ki67 antibodies is however required to confirm this finding specifically within the macrophage population. The expansion of plaque macrophages is therefore likely due to increased recruitment of circulating monocytes and/or a reduction in plaque macrophage apoptosis, and further work is required to clarify the mechanisms involved. Although relatively little is known about the effect of pneumococcal disease on circulating monocytes, a variety of  pathogens including bacteria, viruses, fungi and parasites have been shown to induce Ly6Chigh monocyte recruitment to sites of infection (Shi and Pamer, 2011). For example, infection with the bacteria Listeria monocytogenes results in Ly6Chigh monocyte recruitment to the liver and spleen, which occurs following the CCR2-mediated release of these monocytes into the circulation from the bone marrow (Serbina and Pamer, 2006).  This process is driven by CCL2 produced by mesenchymal stem cells following stimulation with circulating TLR ligands (Shi et al., 2011, Serbina et al., 2012). Ly6Chigh monocytes are predisposed to accumulating in aortic atherosclerotic plaques and play a key role in driving atherogenesis (Swirski et al., 2007). Sepsis is associated with upregulation of endothelial cell adhesion molecules including ICAM-1 and VCAM-1, and this mechanism may also contribute to the accumulation of monocytes within plaques following pneumonia (Aird, 2003)
Although the model of pneumococcal pneumonia described in this chapter resulted in high rates of bacteraemia, the mortality rate of approximately 12% would be consistent with that seen in moderate severity pneumonia in humans. The “CURB65” clinical scoring system is used to identify patients with community acquired pneumonia at high risk of death and therefore guides appropriate management (Aujesky et al., 2005, Lim et al., 2003). CURB65 scores of 3 and above (range 0-5) are classified as severe pneumonias and a score of 3 is associated with a mortality rate of approximately 14%, while scores of 4 and above result in a mortality rate of approximately 27%.  Although clearly this prognostic scoring system is not applicable to mice, the relatively high survival rate does give an indication that the majority of the mice experienced pneumonia that could be categorised as relatively moderate as opposed to severe. Further work is therefore required to characterise the systemic inflammatory response in this model as there may only be a relatively modest increase in circulating pro-inflammatory cytokine levels due to the termination of bacteraemia by antibiotic administration.  Furthermore, a more florid effect on plaque composition may be seen by increasing the severity of pneumonia in this experimental model, either by increasing the dose of bacterial inoculum or delaying the first dose of antibiotic. However, any such alteration would require the use of a greater number of mice to account for the resultant increase in mortality rate.  
The age of the mice is another important caveat that should be considered when interpreting these findings.  The experiments described in this chapter used relatively young ApoE-/- mice, no older than 21 weeks of age at the time of infection. There is evidence that increasing age significantly affects murine monocyte biology (Strohacker et al., 2012). A study using C57BL/6 mice found that in older mice (18-22 months) there were an increased number of Ly6Chigh monocytes in blood and bone marrow compared with younger mice (10-14 weeks). Ly6Chigh monocytes in older mice demonstrated higher levels of CCR2 expression and greater recruitment to the peritoneum following administration of CCL2 (Puchta et al., 2016). They also significantly contributed to the increased levels of serum IL-6 and TNFα seen in older mice. Furthermore, following intranasal instillation of S. pneumoniae, older mice demonstrated greater expansion of circulating Ly6Chigh monocytes and increased recruitment of Ly6Chigh monocytes into the nasopharynx but also reduced clearance of bacteria from the lungs and increased mortality suggestive of impaired monocyte/macrophage function.  As discussed earlier, Ly6Chigh monocytes in ApoE-/- mice have been shown to preferentially adhere to activated endothelium and accumulate in atherosclerotic lesions (Swirski et al., 2007).   VCAM-1 expression in the aortic arch has also been shown to increase significantly with age in   LDLR-/- mice (Merat et al., 2000). The use of older ApoE-/- mice may therefore have led to even greater infiltration of monocytes/macrophages within plaques post-pneumonia. Age-related differences in the functional phenotype of monocytes/macrophages may also have affected the outcomes with regard to plaque burden and vulnerability markers. In contrast to my findings, abdominal sepsis followed by antibiotic recovery in ApoE-/- mice did lead to an acceleration of atherosclerotic plaque formation, and it is interesting to note that the mice used in this study were 22-24 weeks of age at the time of sepsis induction (Kaynar et al., 2014).  Ageing in humans has also been associated with innate immune system dysfunction (Shaw et al., 2013) and older age has been identified as a possible risk factor for post-pneumonia ACS in clinical studies (Corrales-Medina et al., 2009, Corrales-Medina et al., 2015). 
Although the formation of loosely formed, red blood cell rich thrombi in this model is likely to be artefactual in nature, evidence for pneumococcal invasion into these thrombi is a potentially significant finding. It raises the possibility that small, clinically silent thrombus formation within the coronary artery may be propagated by pneumococcal invasion during bacteraemia. A “double hit” effect of bacteraemic pneumococcal disease may therefore occur with initial haemodynamic or inflammatory mechanisms causing plaque rupture leading to coronary thrombosis which is exacerbated by direct pneumococcal invasion into developing thrombi. S. pneumoniae has been shown to induce platelet activation and hyper reactivity (Tunjungputri et al., 2016, Keane et al., 2010), a mechanism through which it may propagate existing thrombus formation. Neuraminidase production by pneumococci has also been implicated in exposing tissue factor on the cell membranes of red blood cells and platelets which may promote their agglutination (Alon et al., 1984, Myers and Marrie, 1993). Similarly, secondary pneumococcal infection following influenza infection may exacerbate any coronary thrombotic effects of the virus. Interestingly, infection of mice with the 1918 H1N1 influenza strain followed 72 hours later by S. pneumoniae resulted in widespread pulmonary thrombosis which was not seen in influenza infection alone (Walters et al., 2016). 
In summary, in a mouse model of atherosclerosis, pneumococcal pneumonia resulted in increased aortic sinus plaque macrophage content at 2 weeks but had no effect on other plaque vulnerability markers and no longer term effect on either plaque burden or composition were demonstrated.   Evidence of pneumococcal invasion into red cell rich thrombi was demonstrated and this requires further characterisation with regard to its clinical relevance. 


[bookmark: _Toc468033906][bookmark: _Toc468038527][bookmark: _Toc468051737]CHAPTER 5. Transcriptomic analysis of post pneumonic atherosclerotic plaque macrophages  
[bookmark: _Toc468051738]5.1 Introduction
Atherosclerotic plaque macrophages are exposed to diverse, temporally dynamic signals within the plaque microenvironment and therefore display a spectrum of overlapping phenotypes (Cochain and Zernecke, 2015, Ginhoux et al., 2016). Macrophage gene expression analyses have advanced our understanding of how human and murine macrophage phenotype is affected by a variety of stimuli, including infection (Goldmann et al., 2007, Derlindati et al., 2015, Pinilla-Vera et al., 2016).  Isolating macrophages from murine atherosclerotic plaques is challenging due to the small size of these lesions. However, laser capture microdissection (LCM) has been used successfully to specifically extract macrophages from murine plaques for subsequent gene expression analyses using both PCR and microarray techniques (Feig and Fisher, 2013, Paul et al., 2008). Having demonstrated an expansion of aortic sinus plaque macrophages 2 weeks post pneumococcal infection, in this chapter I use the same mouse model to study the transcriptional profile of these macrophages, with the aim of providing insight into their phenotype.  
[bookmark: _Toc468051739]5.2 Methods 
To examine transcriptional profiles I used male ApoE-/- mice aged 11 weeks old fed a high-fat Western diet for 8 weeks. They were then infected by intranasal instillation of 5 x 105 cfu serotype 4 S. pneumoniae (or mock infected with PBS) followed 24 hours later by the first of 3 doses of 100mg/kg amoxicillin administered s.c. at 12 hourly intervals. Mice were culled at 2 weeks post infection and cryo-sections collected through the entire aortic sinus as described in Chapter 2.5. MAC-3 immunostained “guide slides” were used to direct LCM of aortic sinus plaque macrophages (Figure 5.1) on Toluidine blue stained cryo-sections (Chapter 2.5). Approximately 1000 LCM pulses were collected from each mouse. RNA was then extracted from these cells, amplified and used to synthesise single stranded cDNA. This cDNA was fragmented, labelled and hybridized to the Affymetrix Gene Chip Mouse Gene 2.0 ST Array as described in Chapter 2.6.  
(a)
(b)
(c)
(d)

[bookmark: _Toc468072888]Figure 5.122Laser capture microdissection
Representative images of Toluidine blue stained aortic sinus cryo-sections before (a) and after (b) LCM. Image of MAC 3 immunostained cryo-section used as a “guide slide” to direct LCM of macrophages (c). Image of LCM cap demonstrating captured macrophages (d). 


Microarray data were normalised using the Robust Multichip Average method (Bolstad et al., 2003) and then analysed with the Linear Models for Microarray (LIMMA) package (Ritchie et al., 2015) in the statistical programming package R (http://www.r-project.org). Using these statistical programmes, differentially expressed genes between infected and mock infected groups were identified through unpaired t-tests that were applied to normally distributed data. Differentially expressed genes were defined using the parameters p<0.05 and gene expression log2 fold change >1. The analysis was conducted twice, firstly with False Discovery Rate (FDR) adjusted p value and the second time with unadjusted p value.  The list of differentially expressed genes was then used for pathway analysis to identify the biological pathways that had been significantly perturbed by pneumococcal infection. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed using the clusterProfiler in R (Yu et al., 2012), with statistical significance set at FDR adjusted p<0.05. Array data processing was performed by Dr Afsaneh Maleki-Dizaji and data analysis by Dr Afsaneh Maleki-Dizaji and Dr Rohit Bazaz. 
[bookmark: _Toc468051740]5.3 Results
To confirm that LCM had led to enrichment of macrophages, RNA was extracted from LCM-derived MAC 3 immuno-positive macrophage samples and from lysates of aortic arches of ApoE-/- mice. Using qPCR and normalising gene expression to the housekeeping gene Cyclophilin A (Trogan et al., 2002), LCM samples demonstrated approximately 29 fold enrichment in expression of the macrophage marker CD68 compared to whole aorta samples.  Furthermore, relative expression of the smooth muscle marker α actin was approximately 24 fold less in LCM samples compared to whole aorta samples, confirming that LCM of MAC 3 immunostained cells resulted in significant enrichment of plaque macrophages (Figure 5.2). 





[bookmark: _Toc468072889]Figure 5.223Enrichment of plaque macrophages following LCM validated by qPCR analysis
Expression of macrophage marker CD68 (a) and smooth muscle actin (b) in LCM isolated plaque macrophage samples compared to whole aorta lysate samples. Gene expression shown as relative quantification (RQ) normalised to housekeeping gene Cyclophilin A (n=3). 

The yield of RNA extracted from LCM samples prior to amplification was measured using a NanoDrop 1000 Spectrophotometer. The mean total RNA yield from LCM samples was 136 ng (range 38-298), with mean 260/280 ratio of 1.49 (range1.36-1.86).  A Nanodrop 260/280 ratio of at least 2 is generally considered to represent “pure” RNA. RNA quality prior to amplification was also assessed using a 2100 Bioanalyzer (example trace shown in Figure 5.3). Bioanalyzer traces typically did not show distinct 18S and 28S peaks, with peaks occurring between these two ribosomal bands and also below the 18S band, suggestive of relatively high level of RNA degradation. LCM therefore resulted in adequate yield of total RNA but a product that was highly degraded prior to amplification.  Following IVT amplification, the mean RNA yield for each LCM sample was 38.9 µg (range 13.9 – 96.1), and the RNA was of sufficient quality to enable successful completion of the microarray protocol. 


(a)
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(b)
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Figure 5.324Bioanalyzer quality assessment of RNA
The Agilent 2100 Bioanalyzer is a microfluidics-based platform that can assess the quality and quantity of RNA using sample-specific chips. RNA samples are combined with a fluorescent dye and injected into wells in the chip. Each sample moves through microchannels and sample components are separated by electrophoresis, with smaller fragments migrating faster than the large ones. The separated RNA strands are then detected by fluorescence, and electropherograms (peaks on a graph) and gel-like images (bands) are created by the Agilent data analysis software for sizing and quantification. Representative example of Agilent 2100 Bioanalyzer trace from LCM extracted plaque macrophage sample using pre amplification RNA (a). This shows relatively high levels of RNA degradation, as evidenced by the raised baseline of the graph representing the detection of numerous degraded RNA fragments, and obscured 18S and 28S ribosomal peaks. In comparison, an example of a Bioanalyzer trace from a sample of high quality RNA (b) demonstrates a flat, low baseline suggestive of low levels of degradation, and 2 distinct 18S and 28S ribosomal peaks with 2 corresponding distinct bands on the gel image to the right of the graph. 
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[bookmark: _Toc468072891]Figure 5.425Volcano plot of microarray data
Volcano plot of changes in gene expression in plaque macrophages from infected mice as compared with mock infected mice. All microarray probes, both coding and non-coding, are represented and each dot represents an individual microarray probe. Green dots represent differentially expressed genes as identified by p value < 0.5 and log2 fold change >1. The x axis represents log2 fold change (logFC) and the y axis represents -log10 of the p value. 








Analysis of microarray data using FDR adjusted p value identified only 1 differentially expressed probe which was non coding and therefore not assigned to a particular gene. The analysis was therefore repeated using unadjusted p value and identified 36 differentially expressed genes between infected and mock infected groups (n=9 infected group; n=11 mock infected group). 29 (81%) of these genes were downregulated and 7 (19%) were upregulated following infection. These genes are listed in Table 5.1. 

	Affymetrix probe
ID
	Gene Symbol
	Fold change
	p value
	Gene name

	17484100
	zinc finger, RAN-binding domain containing 1
	-1.85063
	0.004772
	Zranb1

	17391480
	anaphase promoting complex subunit 1
	-1.8085
	0.009954
	Anapc1

	17538773
	HECT, UBA and WWE domain containing 1
	-1.77086
	0.008573
	Huwe1

	17359961
	golgi-specific brefeldin A-resistance factor 1
	-1.68328
	0.005597
	Gbf1

	17221250
	ADP-ribosylation factor guanine nucleotide-exchange factor 1(brefeldin A-inhibited)
	1.642493
	0.001327
	Arfgef1

	17300371
	predicted gene 20521
	-1.61363
	0.018606
	Gm20521

	17300185
	olfactory receptor 204
	-1.58533
	0.019681
	Olfr204

	17221233
	ADP-ribosylation factor guanine nucleotide-exchange factor 1(brefeldin A-inhibited)
	1.554567
	0.025784
	Arfgef1

	17378318
	itchy, E3 ubiquitin protein ligase
	-1.48962
	0.006535
	Itch

	17206483
	small nucleolar RNA, H/ACA box 28
	-1.48322
	0.016768
	Snora28

	17359926



	golgi-specific brefeldin A-resistance factor 1
	-1.47904
	0.000368
	Gbf1

	17324680
	discs, large homolog 1 (Drosophila)
	-1.44446
	0.00436
	Dlg1

	17202517
	olfactory receptor 1313
	-1.42432
	0.017611
	Olfr1313

	17206727
	ankyrin repeat domain 17
	-1.35285
	0.008902
	Ankrd17

	17290927
	zinc finger with KRAB and SCAN domains 3
	-1.33248
	0.005763
	Zkscan3

	17359948
	golgi-specific brefeldin A-resistance factor 1
	-1.32392
	0.02368
	Gbf1

	17308472
	exportin 7
	1.301569
	0.003501
	Xpo7

	17219478
	coatomer protein complex subunit alpha
	-1.28481
	0.014817
	Copa

	17200103
	coatomer protein complex, subunit gamma 1
	1.269288
	0.008141
	Copg1

	17449547
	ankyrin repeat domain 17
	-1.23804
	0.032238
	Ankrd17

	17403846
	vomeronasal 1 receptor 12
	-1.22049
	0.018813
	Vmn1r12

	17458948
	olfactory receptor 1504
	-1.21671
	0.005725
	Olfr1504

	17202979
	olfactory receptor 1135
	1.194902
	0.009684
	Olfr1135

	17221253
	ADP-ribosylation factor guanine nucleotide-exchange factor 1(brefeldin A-inhibited)
	-1.18669
	0.013091
	Arfgef1

	17341696
	3-phosphoinositide dependent protein kinase 1
	-1.17206
	0.000454
	Pdpk1

	17348452
	RIO kinase 3
	-1.1686
	0.007253
	Riok3

	17484102
	zinc finger, RAN-binding domain containing 1
	-1.16181
	0.028292
	Zranb1

	17202919
	calnexin
	-1.1541
	0.006838
	Canx

	17220754
	angel homolog 2 (Drosophila)
	-1.13319
	0.030408
	Angel2

	17391446
	anaphase promoting complex subunit 1
	-1.13013
	0.013971
	Anapc1

	17308463
	exportin 7
	-1.11946
	0.040084
	Xpo7

	17207455

	apolipoprotein L 7c
	1.111031
	0.030042
	Apol7c

	17219451

	coatomer protein complex subunit alpha
	-1.05955
	0.042363
	Copa

	17359958
	golgi-specific brefeldin A-resistance factor 1
	-1.02617
	0.014976
	Gbf1

	17341704
	3-phosphoinositide dependent protein kinase 1
	1.02562
	0.003371
	Pdpk1

	17238667
	C-type lectin domain family 4, member e
	-1.00679
	0.006966
	Clec4e


[bookmark: _Toc468072804]Table 5.12List of differentially expressed genes in plaque macrophages in infected mice as compared to mock infected mice.

In order to characterise the biological relevance of this cohort of genes, pathway analysis was carried out using clusterProfiler to identify significantly perturbed KEGG pathways. Three pathways were significantly affected by pneumococcal infection:  ubiquitin mediated proteolysis, endocytosis and HTLV-1 infection. All genes associated with these pathways were downregulated in plaque macrophages from the infected group. Both ubiquitin mediated proteolysis and endocytosis pathways were identified as significantly perturbed due to downregulation of 3 genes which coded for E3 ubiquitin ligases: anaphase promoting complex subunit 1 (Anapc1),  HECT, UBA and WWE domain containing 1 (Huwe1) and Itch (Table 5.2). As HTLV-1 is a chronic viral infection, the relevance of this pathway in a post pneumococcal infection setting is questionable. 






	KEGG category
	KEGG subcategory
	KEGG pathway
	Adjusted p value
	Genes

	Genetic Information processing
	Folding, sorting and degradation
	Ubiquitin mediated proteolysis
	0.011337
	Anapc1, Huwe1, Itch

	Cellular processes
	Transport and catabolism
	Endocytosis
	0.030526
	Anapc1, Huwe1, Itch

	Human diseases
	Infectious diseases:viral
	HTLV-I infection
	0.030526
	Canx, Dlg1, Anapc1



[bookmark: _Toc468072805]Table 5.23KEGG pathways, and their categories, altered by pneumococcal infection in plaque macrophages. 


To validate the microarray findings, qPCR analysis of LCM derived plaque macrophages confirmed a significant reduction in gene expression of the E3 ubiquitin ligases Anapc1 and Itch (Figure 5.5). A reduction in gene expression of Huwe1 was also demonstrated although this was not statistically significant (p=0.23). 



[bookmark: _Toc468072892]Figure 5.526Validation of microarray results by qPCR analysis.
Gene expression expressed as RQ (normalised to housekeeping gene 18s) of (a) Anapc1, (b) Itch and (c) Huwe 1 in LCM derived plaque macrophages from infected mice compared with mock infected mice (* denotes p<0.05, unpaired t test; n=7-8). 




[bookmark: _Toc468051741]



5.3 Discussion
In this chapter I have described the use of LCM to isolate aortic sinus plaque macrophages followed by microarray analysis of the effect of pneumococcal pneumonia on gene expression in these cells.  LCM resulted in significant enrichment of plaque macrophages, as has been previously described (Trogan et al., 2002). Although the quality of RNA obtained by LCM showed relatively high levels of degradation, IVT amplification produced RNA that was of sufficient quantity and quality to enable microarray analysis to proceed. 
The microarray identified 36 genes that were differentially expressed in ApoE-/- mice aortic sinus plaque macrophages following pneumococcal pneumonia. Although this is a relatively small number of transcripts, it should be noted that these samples were collected 2 weeks post infection and therefore at a time of complete clinical recovery with no objective signs of illness. Subtle effects on plaque macrophage phenotype may therefore persist following recovery from an episode of pneumonia. Pathway analysis identified three E3 ubiquitin ligases that were downregulated at this time point, and predicted significant effects on the ubiquitin mediated proteolysis and endocytosis pathways as a result. This downregulation of gene expression was confirmed with qPCR analysis, although in the case of 1 of the genes, Huwe1, this trend did not reach statistical significance. 
The ubiquitin-proteasome system (UPS) is the primary protein degradation system in eukaryotic cells (Schmidt and Finley, 2014). It not only regulates the concentration of several regulatory proteins but is also involved in terminating damaged proteins (Tanaka and Matsuda, 2014). The proteolytic element of the system is the proteasome, a cylindrical complex containing a 20S core particle made up of several subunits (Vilchez et al., 2014), together with 19S regulatory particles. Many proteins require modification before they can be degraded by the proteasome. UPS mediated protein degradation involves the conjugation of ubiquitin molecules to substrate proteins which are then “escorted” to the proteasome. The attachment of an ubiquitin molecule to a protein substrate involves 3 distinct enzymatic steps: activation, transfer and conjugation (Finley, 2009). E1 enzyme activates ubiquitin molecules in an ATP-dependent manner, after which the activated ubiquitin is transferred to a cysteine site of an E2 (ubiquitin conjugating) enzyme. Finally, an E3 ubiquitin ligase catalyses the ligation of ubiquitin to a lysine residue on the protein substrate or a previously attached ubiquitin molecule, and therefore ubiquitin chains linked to the target protein can be formed. These polyubiquitinated proteins can then be degraded by the proteasome. Many different E3 ubiquitin ligases have been identified, each recognising one or several specific protein substrates and therefore these enzymes are responsible for the targeting of specific proteins for degradation by the UPS. Linkage of ubiquitin molecules through lysine 48 targets the protein for degradation via the proteasome, whereas lysine 63 linked ubiquitin chains activate non-proteolytic pathways including DNA repair, chromosome segregation and protein synthesis (Herrmann et al., 2007). E3 ubiquitin ligases are also involved in the ubiquitination of several cell surface transmembrane receptors, thereby inducing endocytosis of the receptor and trafficking to early endosomes before sorting into intraluminal vesicles of multivesicular endosomes and eventual lysosomal degradation (Haglund and Dikic, 2012). 
There is a growing body of evidence that suggests that the UPS is involved in regulating many cellular processes that can lead to atherosclerosis progression or plaque complication events (Wang et al., 2015). For example, the activity of the regulatory protein kinase C alpha is downregulated by ubiquitination and this promotes CD36 expression by macrophages and therefore increases cholesterol accumulation within the cell (Medeiros et al., 2004). Levels of important regulators of intracellular cholesterol metabolism, including ACAT1 and ABCA 1 are also controlled by UPS-mediated degradation (Ding et al., 2012, Hsieh et al., 2014). Evidence from human studies has demonstrated accumulation of ubiquitin conjugates in unstable coronary and carotid plaques, suggesting that increased ubiquitination may itself be a marker of plaque vulnerability (Herrmann et al., 2002, Versari et al., 2006). Therefore, it would be reasonable to anticipate that downregulation of plaque macrophage E3 ubiquitin ligases would inhibit foam cell formation and promote plaque stability. 
As discussed in Chapter 1, macrophage apoptosis plays a significant role in the host response to pneumococcal infection by contributing to late phase bacterial killing. In response to pneumococcal infection, Huwe1 promotes macrophage apoptosis by ubiquitinating the anti-apoptotic protein Mcl-1 and therefore targeting it for degradation by the proteasome (Bewley et al., 2011a).  Downregulation of Huwe1 following pneumococcal infection, as was suggested by the microarray data, may therefore inhibit macrophage apoptosis and could explain the expansion of macrophages seen in the post pneumonic plaque. It should be noted that the UPS regulates a variety of pro and anti apoptotic proteins and therefore the effect of downregulation of these E3 ubiquitin ligases on macrophage apoptosis requires further experimental work. Small interfering RNA (siRNA) silencing of Huwe1 in THP-1 macrophages has been shown to increase ABCG1 mediated cholesterol efflux, providing further evidence of a role for the UPS in macrophage cholesterol metabolism (Aleidi et al., 2015). Again, this would suggest that downregulation of this E3 ubiquitin ligase following pneumonia, as demonstrated by the microarray data, would likely impede plaque progression and promote plaque stability. Deficiency of the E3 ubiquitin ligase Itch in ApoE-/- mice reduced atherosclerotic plaque formation by preventing the degradation of Sterol regulatory element-binding protein 2 and upregulating LDL receptor expression (Stohr et al., 2015). Anapc1 is part of the anaphase promoting complex/cyclosome (APC/C) which regulates progression through mitosis and the G1 phase of the cell cycle (Manchado et al., 2010). In addition to its role in cell cycle regulation, APC/C is also involved in regulating synaptic signalling between motor neurons although to my knowledge no specific role in atherosclerosis has been identified (Wise et al., 2013). 
Further work is required to characterise whatever impact the downregulation of these genes coding for  E3 ubiquitin ligases in plaque macrophages has on atherosclerotic plaque development and vulnerability. A reduction in E3 ligase ubiquitination may result in reduced proteasome degradation, potentially leading to accumulation of degraded and dysfunctional proteins within plaque cells. The substrates of these ligases need to be identified, as do the pathways they influence. Studies examining the effect of pneumococcal pneumonia on the level of ubiquitination within plaques and on proteasome activity within plaque cells are also required. It should again be noted that these data presented in this chapter describe one time point following infection, and although these genes were downregulated at this 2 week time point, this may represent a compensatory downregulation following a period of increased expression. Similarly, although very few differentially expressed genes were associated with immune system or inflammatory signalling pathways, it is likely that more of these pathways would have been affected at an earlier time point post infection.  
In summary, microarray analysis of atherosclerotic plaque macrophages in ApoE-/- mice demonstrated significant perturbation of the UPS pathway following pneumococcal pneumonia due to downregulation of specific E3 ubiquitin ligases. 
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In this thesis I set out to investigate the mechanisms underlying the increased risk of acute coronary syndrome (ACS) following community acquired pneumonia (CAP). I used Streptococcus pneumoniae, the most common cause of CAP worldwide, to investigate the relationship between these clinical syndromes. I developed a mouse model of pneumococcal pneumonia in the context of established atherosclerotic plaque formation to examine the effect of pneumonia on markers of plaque vulnerability. High fat diet-fed Apolipoprotein E deficient (ApoE-/-) mice, a well-established mouse model of atherosclerosis, were used and demonstrated a relatively high mortality rate following low doses of pneumococcal instillation into the respiratory tract. Several optimisation steps were therefore required to develop a model with complex atherosclerotic plaque formation, high rates of bacteraemia and also high survival to allow for an assessment of atherosclerotic plaque composition several weeks following pneumonia. To my knowledge, this is the first study of its kind to use an animal model of atherosclerosis to investigate the effect of pneumococcal pneumonia on plaque composition, and this model can now be used as a foundation for future work in this field. One of the advantages of the model is that it is amenable to simple adjustments with regard to severity of pneumonia and atherosclerotic burden at the time of infection. 
Although most clinical studies have found that the majority of post-pneumonic coronary events occur within the first few days after infection, evidence for a prolonged increase in cardiovascular risk is beginning to emerge (Corrales-Medina et al., 2015), and I therefore focused on relatively late time points post infection. Using my combined murine model of atherosclerosis and pneumococcal pneumonia, I demonstrated that pneumonia resulted in increased plaque macrophage content 2 weeks post infection, a marker of increased plaque vulnerability to rupture. Increased plaque macrophage content in mouse models of atherosclerosis has been previously demonstrated following influenza infection and abdominal sepsis (Naghavi et al., 2003, Kaynar et al., 2014). A consistent picture is therefore emerging that acute infections can lead to increased plaque macrophage content, and this may therefore be the key mechanistic link to the triggering of ACS post infection. The most plausible mechanism linking macrophages to plaque rupture is their secretion of extracellular proteases which are able to degrade collagen, leading to thinning of the fibrous cap (Newby, 2008). However, in my model, there was no significant difference in plaque smooth muscle or collagen content 2 weeks post infection despite the expansion of macrophages, although macrophage associated matrix metalloprotease (MMP) expression was not itself measured. Furthermore, the microarray analysis of plaque macrophages at this time point suggested that the infection had not resulted in a shift towards a more “pro-inflammatory” phenotype, and pathways associated with increased MMP production, for example, were not perturbed. The transcriptomic analysis did identify the ubiquitin proteasome system (UPS) as being significantly affected by pneumococcal pneumonia, and more experimental work is required to assess the impact of alterations of this system on plaque stability, in particular with regard to its role in regulating macrophage apoptosis. However, it is again important to note that further work is required to assess plaque composition and plaque macrophage gene expression at other time points, in particular earlier time points post infection, during what is likely to be a more florid systemic inflammatory response.   A major limitation of this work is that I did not assess the effect of infection on other important inflammatory cells found in plaques, in particular neutrophils and T lymphocytes, or its effect on apoptotic activity within plaques 
At the 8 week time point post-infection, no statistically significant differences in plaque composition markers were demonstrated.  However, there was a trend towards reduced plaque smooth muscle content, and further work using a larger sample size is required to clarify if pneumococcal infection has a prolonged, detrimental effect on the structural integrity of the plaque. As with the short term effect, a definitive explanation for the long term increased risk of cardiovascular events following pneumonia remains elusive. No increase in plaque burden was seen following pneumonia in these experiments, but this is consistent with clinical studies of pneumonia patients which do not demonstrate a progressively increasing risk of cardiovascular events in the long term following infection. Aside from possibly having long term effects on plaque stability, pneumonia may also have a prolonged effect on myocardial function and/or coagulation as discussed below, either of which could also contribute to these late onset cardiac events.
Although I found no evidence for pneumococcal invasion into atherosclerotic plaques, an unexpected but potentially significant finding from this work is the evidence for pneumococcal invasion into thrombus. As discussed in Chapter 4, this leads to the possibility that pneumococcal pneumonia may have a “double-hit” effect on atherosclerotic plaques, firstly by causing plaque rupture by inflammatory and/or haemodynamic effects, followed by expansion of any resulting plaque-associated thrombosis by pneumococcal invasion. Both plaque-stabilising and antiplatelet therapies may therefore have a role to play in preventing post-pneumonic ACS. A detailed examination of the effect of pneumococcal invasion on thrombus development and platelet activation is required.
As with any experimental mouse studies, the major limitation of this work is the attempt to draw conclusions about the mechanisms underlying human disease processes from animal models. While mouse models of atherosclerosis have proved an invaluable tool in our understanding of atherosclerotic plaque progression, they are less reliable as a model of plaque rupture and its complications. Plaque rupture events during human ACS can be divided into three steps: plaque destabilisation, disruption of the fibrous cap and occlusive thrombus formation (Virmani et al., 2006). Although mice can be used to examine markers of plaque stability, no mouse model simulates all three steps of this process. Furthermore, ApoE-/- mice rarely develop significant plaque formation within the coronary artery, and therefore do not develop plaque associated myocardial ischaemia (Nakashima et al., 1994). Lesions within the proximal brachiocephalic artery of ApoE-/- mice have been shown to display several key features of ruptured human plaques and buried cap formation within these plaques is likely to represent  previous plaque rupture (Johnson and Jackson, 2001). However, due to the feeding regime in my studies, plaque development at this site was inconsistent and therefore I was unable to draw any firm conclusions from this model of plaque rupture. 
The use of the brachiocephalic artery as a model for plaque rupture remains a source of controversy, not least because even though histological features consistent with plaque rupture are seen in these lesions, they are infrequent and furthermore they rarely lead to significant thrombus formation (Matoba et al., 2013). Very large sample sizes are therefore required to ensure studies are adequately powered to detect differences in incidence rates of plaque rupture (Johnson et al., 2005). The absence of thrombus formation after fibrous cap disruption in mouse models of atherosclerosis is likely due to the significant differences in the coagulation and thrombolytic systems between humans and mice. For example, the plasma levels of plasminogen activator inhibitor (PAI)-1 and thrombin-activatable fibrinolysis inhibitor (TAFI) in mice are considerably lower than in humans, and therefore mice have a propensity towards enhanced lysis of platelet rich thrombi. (Jackson et al., 2007, Tsakiris et al., 1999, te Velde et al., 2003, Bouma and Meijers, 2003). In recent years there have been promising developments in hypercholesterolaemic mouse models that have demonstrated an increased propensity for coronary artery plaque formation which more closely mimics that seen in human disease, including the development of scavenger receptor class B type 1 (SR-B1)/ApoE double knockout mice (Braun et al., 2002).  Other mouse models have been developed to increase the frequency of plaque rupture events. These include the long-term infusion of angiotensin II (Katsuki et al., 2014), and a mutation in the fibrillin-1 gene in ApoE-/- mice which results in an increase in elastin fragmentation (Van der Donckt et al., 2015). These models may prove useful in the investigation of rupture events following pneumonia, although the contrived nature of some of these interventions may limit their relevance to human disease (Hansson et al., 2015). 
Another limitation of this work is that it has focused on pneumonia caused by one organism, Streptococcus pneumoniae. It is important to remember that pneumonia is a clinical syndrome that can be caused by a variety of pathogens, and therefore the mechanisms underlying post pneumonic cardiac events caused by one pathogen may differ from those caused by another. A logical implication of this is that therapeutic strategies that may be effective at preventing post pneumonic ACS caused by S. pneumoniae may not necessarily be effective at preventing ACS episodes triggered by other organisms. 
[bookmark: _Toc468051743]6.1 Future work{Jackson, 2007, Assessment of unstable atherosclerosis in mice}
The findings in this thesis raise additional questions surrounding the mechanisms that lead to post-pneumonic ACS.   Additional work is required to identify which processes lead to the expansion of plaque macrophages post pneumonia, in particular to clarify whether this phenomenon occurs as a result of increased infiltration of circulating monocytes or if a reduction in plaque macrophage apoptosis is the key factor. If their origin is mostly from circulating monocytes, it would be important to identify if this occurs predominantly as a result of an expansion of circulating monocytes, or an upregulation of endothelial cell adhesion molecules. The answers to these questions will direct the development of therapeutic strategies to inhibit this macrophage expansion within plaques, thereby preventing plaque destabilisation.   As discussed in Chapter 1, statins have been shown to reduce plaque macrophage content and promote plaque stability (Yla-Herttuala et al., 2011), and therefore studies investigating the effect of commencing statin therapy at time of pneumonia diagnosis should be conducted in both humans and animal models. 

The many gaps in our understanding of how infections trigger ACS reflect a more general lack of knowledge of what exactly causes atherosclerotic plaques to rupture. The research community has for many years focused on the concept of plaque vulnerability in an attempt to better understand the pathogenesis of ACS and to develop preventative and therapeutic strategies. Indeed, much work has gone into using vascular imaging modalities such as intravascular ultrasound (IVUS) and optical-coherence tomography (OCT) to identify these thin-capped fibroatheroma (TCFA) in patients (Celeng et al., 2016). However, an unexpected finding of these studies has been that relatively few of these “high-risk” plaques go on to cause ACS. In the Providing Regional Observations to Study Predictors of Events in the Coronary Tree (PROSPECT) study, only approximately 5% of TCFAs identified by IVUS resulted in coronary events during a follow-up period of 3.4 years (Stone et al., 2011). Therefore, although post mortem studies have shown that the majority of ACS episodes occur as a result of rupture of vulnerable plaques (van der Wal et al., 1994), it would appear that only a small proportion of vulnerable plaques go on to cause ACS. Changes in plaque composition alone may therefore be insufficient to trigger an episode of ACS, and other factors such as the haemodynamic environment within the coronary artery and the circulating concentrations of pro and anti-coagulant factors are likely to contribute significantly to the development of coronary events. The focus should therefore not be on plaque vulnerability alone and, in particular, the effect of pneumonia on haemodynamic parameters such as plaque structural stress and wall shear stress require investigation (Brown et al., 2016).  

An uncomfortable truth in this area of research is that we still do not know whether post-pneumonic coronary events are predominantly plaque related (Type 1 myocardial infarction (MI)) or non-plaque related (type 2 MI) events which arise due to a supply/demand mismatch (Sandoval et al., 2014). The answer to this question is clearly vital to guide therapeutic strategies. If these are largely type 1 MIs, then the focus should be on plaque stabilising interventions such as the use of statins together with antiplatelet drugs to inhibit thrombus formation following plaque rupture. However, if they are predominantly type 2 events then the aim would be to develop strategies to stabilise the haemodynamic environment within coronary arteries and to reduce the metabolic demand on the myocardium. A major obstacle to answering this question is the relative contraindication of performing coronary angiography during episodes of infection (Scanlon et al., 1999). However, studies utilising non-invasive coronary artery imaging techniques, such as computerised tomography (CT) coronary angiography, in patients with post-pneumonic ACS should be conducted to look for evidence of plaque related vessel occlusion (Schlett et al., 2014).  Similarly, future advancements in the field of non-invasive imaging assessments of plaque histology should be utilised to perform serial imaging of  coronary plaques in patients to look for evidence of acute inflammatory and structural changes  in the aftermath of a pneumonia episode  (Celeng et al., 2016).
It is of course possible that that post-pneumonic ACS has little to do with an effect on plaques themselves, and that they are therefore predominantly type 2 MIs.  The highest risk of post-pneumonic ACS occurs in the first few days post infection, a time when the haemodynamic effects of infection are at their most severe (Corrales-Medina et al., 2010).  Pneumonia and other infections lead to tachycardia, systemic hypotension and coronary vasospasm all of which could result in a metabolic supply and demand imbalance to the myocardium. In support of this theory are studies showing that the majority of post-pneumonic ACS episodes are non ST elevation MIs (NSTEMIs) (Cangemi et al., 2014), although this could also be due to non-occlusive plaque related events. Increased risk of type 2 MI would also be in keeping with the consistent finding that the risk of ACS is associated with the severity of pneumonia, as the haemodynamic effects of infection increase with severity. These acute haemodynamic effects are however unlikely to explain the prolonged increased risk of cardiovascular events post infection. Again, however, plaques may not be involved in these “late” cardiovascular events. Brown et al observed myocardial damage and altered cardiac electrophysiology in BALB/c mice following invasive S. pneumoniae infection following intraperitoneal challenge (Brown et al., 2014). Histological examination of the myocardium in infected mice revealed widespread cardiac microlesions which contained Streptococcus pneumoniae. Similar lesions, but which did not contain bacteria, were found in the myocardium of humans and monkeys which had died from invasive pneumococcal infection. The humans and monkeys in this study had received antibiotic therapy which likely explained the lack of bacteria in their myocardial microlesions. Examination of the myocardium in mice culled several days post infection revealed collagen deposition at the site of these microlesions, changes similar to those seen during the myocardial remodelling that occurs following infarction. This remodelling may have a prolonged effect on myocardial function, and could therefore explain the long term increase in cardiovascular risk post pneumonia, as the myocardium is more vulnerable to metabolic insults.  An assessment of the long term impact of CAP on ventricular function is therefore also required. However, although the findings in this study are compelling, the mechanism of pneumococcal invasion into myocardial tissue does not explain the large body of research that links cardiac events to other infections, in particular influenza infection (Corrales-Medina et al., 2010). 


[bookmark: _Toc468051744]6.2 Concluding remarks 
In conclusion, this thesis describes the development of a unique mouse model of pneumococcal pneumonia in the setting of established atherosclerosis, which can be used to investigate the effect of pneumonia on lesion composition.  This model was used to demonstrate that pneumonia results in increased macrophage content in atherosclerotic lesions, supporting the hypothesis that pneumonia can cause acute, destabilising effects on plaque composition.  I also found evidence for pneumococcal invasion into thrombi, which may promote thrombotic complications following plaque rupture.  Using microarray analysis of laser capture micro-dissected plaque macrophages, I identified downregulation of the expression of three genes coding for specific E3 ubiquitin ligases following pneumonia, and used pathway analysis to identify a significant perturbation in the ubiquitin proteasome system pathway as a result. Determining the effect of perturbations in this pathway on macrophage biology within the plaque, and on plaque stability, will require further experimental work. 









[bookmark: _Toc468033908][bookmark: _Toc468038529][bookmark: _Toc468051745]CHAPTER 7. References
2008. The top ten causes of death. [Online].  [Accessed 26/03/2012].
ABBATE, A., BONANNO, E., MAURIELLO, A., BUSSANI, R., BIONDI-ZOCCAI, G. G., LIUZZO, G., LEONE, A. M., SILVESTRI, F., DOBRINA, A., BALDI, F., PANDOLFI, F., BIASUCCI, L. M., BALDI, A., SPAGNOLI, L. G. & CREA, F. 2004. Widespread myocardial inflammation and infarct-related artery patency. Circulation, 110, 46-50.
AIRD, W. C. 2003. The role of the endothelium in severe sepsis and multiple organ dysfunction syndrome. Blood, 101, 3765-77.
ALBERT, M. A., DANIELSON, E., RIFAI, N., RIDKER, P. M. & INVESTIGATORS, P. 2001. Effect of statin therapy on C-reactive protein levels: the pravastatin inflammation/CRP evaluation (PRINCE): a randomized trial and cohort study. JAMA, 286, 64-70.
ALEIDI, S. M., HOWE, V., SHARPE, L. J., YANG, A., RAO, G., BROWN, A. J. & GELISSEN, I. C. 2015. The E3 ubiquitin ligases, HUWE1 and NEDD4-1, are involved in the post-translational regulation of the ABCG1 and ABCG4 lipid transporters. J Biol Chem, 290, 24604-13.
ALI, F., LEE, M. E., IANNELLI, F., POZZI, G., MITCHELL, T. J., READ, R. C. & DOCKRELL, D. H. 2003. Streptococcus pneumoniae-associated human macrophage apoptosis after bacterial internalization via complement and Fcgamma receptors correlates with intracellular bacterial load. J Infect Dis, 188, 1119-31.
ALON, U., ADLER, S. P. & CHAN, J. C. 1984. Hemolytic-uremic syndrome associated with Streptococcus pneumoniae. Report of a case and review of the literature. Am J Dis Child., 138, 496-9.
AMBROSE, J. A., TANNENBAUM, M. A., ALEXOPOULOS, D., HJEMDAHL-MONSEN, C. E., LEAVY, J., WEISS, M., BORRICO, S., GORLIN, R. & FUSTER, V. 1988. Angiographic progression of coronary artery disease and the development of myocardial infarction. J Am Coll Cardiol, 12, 56-62.
ARAI, S., SHELTON, J. M., CHEN, M., BRADLEY, M. N., CASTRILLO, A., BOOKOUT, A. L., MAK, P. A., EDWARDS, P. A., MANGELSDORF, D. J., TONTONOZ, P. & MIYAZAKI, T. 2005. A role for the apoptosis inhibitory factor AIM/Spalpha/Api6 in atherosclerosis development. Cell Metab. United States.
ARBUSTINI, E., DAL BELLO, B., MORBINI, P., BURKE, A. P., BOCCIARELLI, M., SPECCHIA, G. & VIRMANI, R. 1999. Plaque erosion is a major substrate for coronary thrombosis in acute myocardial infarction. Heart, 82, 269-72.
ARREDOUANI, M. S., YANG, Z., IMRICH, A., NING, Y., QIN, G. & KOBZIK, L. 2006. The macrophage scavenger receptor SR-AI/II and lung defense against pneumococci and particles. Am J Respir Cell Mol Biol, 35, 474-8.
AUJESKY, D., AUBLE, T. E., YEALY, D. M., STONE, R. A., OBROSKY, D. S., MEEHAN, T. P., GRAFF, L. G., FINE, J. M. & FINE, M. J. 2005. Prospective comparison of three validated prediction rules for prognosis in community-acquired pneumonia. Am J Med, 118, 384-92.
AUSTRIAN, R. 1986. Some aspects of the pneumococcal carrier state. J Antimicrob Chemother, 18 Suppl A, 35-45.
BAE, Y. S., LEE, J. H., CHOI, S. H., KIM, S., ALMAZAN, F., WITZTUM, J. L. & MILLER, Y. I. 2009. Macrophages generate reactive oxygen species in response to minimally oxidized low-density lipoprotein: toll-like receptor 4- and spleen tyrosine kinase-dependent activation of NADPH oxidase 2. Circ Res, 104, 210-8, 21p following 218.
BAI, L., LUTGENS, E. & HEENEMAN, S. 2010. Cathepsins in Atherosclerosis, in Atherosclerosis: Molecular and Cellular Mechanisms (eds S. J. George and J. Johnson), Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. doi: 10.1002/9783527629589.ch9.
BALL, R. Y., STOWERS, E. C., BURTON, J. H., CARY, N. R., SKEPPER, J. N. & MITCHINSON, M. J. 1995. Evidence that the death of macrophage foam cells contributes to the lipid core of atheroma. Atherosclerosis. Ireland.
BANACH, M., SERBAN, C., SAHEBKAR, A., MIKHAILIDIS, D. P., URSONIU, S., RAY, K. K., RYSZ, J., TOTH, P. P., MUNTNER, P., MOSTEORU, S., GARCIA-GARCIA, H. M., HOVINGH, G. K., KASTELEIN, J. J. & SERRUYS, P. W. 2015. Impact of statin therapy on coronary plaque composition: a systematic review and meta-analysis of virtual histology intravascular ultrasound studies. BMC Med, 13, 229.
BARNES, M., HEYWOOD, A. E., MAHIMBO, A., RAHMAN, B., NEWALL, A. T. & MACINTYRE, C. R. 2015. Acute myocardial infarction and influenza: a meta-analysis of case-control studies. Heart, 101, 1738-47.
BASTARACHE, J. A., WANG, L., GEISER, T., WANG, Z., ALBERTINE, K. H., MATTHAY, M. A. & WARE, L. B. 2007. The alveolar epithelium can initiate the extrinsic coagulation cascade through expression of tissue factor. Thorax, 62, 608-16.
BEITER, K., WARTHA, F., ALBIGER, B., NORMARK, S., ZYCHLINSKY, A. & HENRIQUES-NORMARK, B. 2006. An endonuclease allows Streptococcus pneumoniae to escape from neutrophil extracellular traps. Curr Biol, 16, 401-7.
BENES, P., VETVICKA, V. & FUSEK, M. 2008. Cathepsin D--many functions of one aspartic protease. Crit Rev Oncol Hematol, 68, 12-28.
BENNETT, M. R. 1999. Apoptosis of vascular smooth muscle cells in vascular remodelling and atherosclerotic plaque rupture. Cardiovasc Res, 41, 361-8.
BENOIT, M., DESNUES, B. & MEGE, J. L. 2008. Macrophage polarization in bacterial infections. J Immunol. United States.
BERMUDEZ-FAJARDO, A. & OVIEDO-ORTA, E. 2011. Influenza vaccination promotes stable atherosclerotic plaques in apoE knockout mice. Atherosclerosis. Ireland: 2011 Elsevier Ireland Ltd.
BETTELLI, E., KORN, T., OUKKA, M. & KUCHROO, V. K. 2008. Induction and effector functions of T(H)17 cells. Nature, 453, 1051-7.
BEWLEY, M. A., MARRIOTT, H. M., TULONE, C., FRANCIS, S. E., MITCHELL, T. J., READ, R. C., CHAIN, B., KROEMER, G., WHYTE, M. K. & DOCKRELL, D. H. 2011a. A cardinal role for cathepsin d in co-ordinating the host-mediated apoptosis of macrophages and killing of pneumococci. PLoS Pathog, 7, e1001262.
BEWLEY, M. A., PHAM, T. K., MARRIOTT, H. M., NOIREL, J., CHU, H. P., OW, S. Y., RYAZANOV, A. G., READ, R. C., WHYTE, M. K., CHAIN, B., WRIGHT, P. C. & DOCKRELL, D. H. 2011b. Proteomic evaluation and validation of cathepsin D regulated proteins in macrophages exposed to Streptococcus pneumoniae. Mol Cell Proteomics, 10, M111 008193.
BIASUCCI, L. M., LEO, M. & DE MARIA, G. L. 2008. Local and systemic mechanisms of plaque rupture. Angiology, 59, 73S-6S.
BINDER, C. J., HARTVIGSEN, K., CHANG, M. K., MILLER, M., BROIDE, D., PALINSKI, W., CURTISS, L. K., CORR, M. & WITZTUM, J. L. 2004. IL-5 links adaptive and natural immunity specific for epitopes of oxidized LDL and protects from atherosclerosis. J Clin Invest, 114, 427-37.
BINDER, C. J., HORKKO, S., DEWAN, A., CHANG, M. K., KIEU, E. P., GOODYEAR, C. S., SHAW, P. X., PALINSKI, W., WITZTUM, J. L. & SILVERMAN, G. J. 2003. Pneumococcal vaccination decreases atherosclerotic lesion formation: molecular mimicry between Streptococcus pneumoniae and oxidized LDL. Nat Med. United States.
BLASI, F., MANTERO, M., SANTUS, P. & TARSIA, P. 2012. Understanding the burden of pneumococcal disease in adults. Clin Microbiol Infect, 18 Suppl 5, 7-14.
BOESTEN, L. S., ZADELAAR, A. S., VAN NIEUWKOOP, A., HU, L., TEUNISSE, A. F., JOCHEMSEN, A. G., EVERS, B., VAN DE WATER, B., GIJBELS, M. J., VAN VLIJMEN, B. J., HAVEKES, L. M. & DE WINTHER, M. P. 2009. Macrophage p53 controls macrophage death in atherosclerotic lesions of apolipoprotein E deficient mice. Atherosclerosis. Ireland.
BOLSTAD, B. M., IRIZARRY, R. A., ASTRAND, M. & SPEED, T. P. 2003. A comparison of normalization methods for high density oligonucleotide array data based on variance and bias. Bioinformatics, 19, 185-93.
BOUHLEL, M. A., DERUDAS, B., RIGAMONTI, E., DIEVART, R., BROZEK, J., HAULON, S., ZAWADZKI, C., JUDE, B., TORPIER, G., MARX, N., STAELS, B. & CHINETTI-GBAGUIDI, G. 2007. PPARgamma activation primes human monocytes into alternative M2 macrophages with anti-inflammatory properties. Cell Metab. United States.
BOUMA, B. N. & MEIJERS, J. C. 2003. Thrombin-activatable fibrinolysis inhibitor (TAFI, plasma procarboxypeptidase B, procarboxypeptidase R, procarboxypeptidase U). J Thromb Haemost, 1, 1566-74.
BRAUN, A., TRIGATTI, B. L., POST, M. J., SATO, K., SIMONS, M., EDELBERG, J. M., ROSENBERG, R. D., SCHRENZEL, M. & KRIEGER, M. 2002. Loss of SR-BI expression leads to the early onset of occlusive atherosclerotic coronary artery disease, spontaneous myocardial infarctions, severe cardiac dysfunction, and premature death in apolipoprotein E-deficient mice. Circ Res, 90, 270-6.
BRAUNWALD, E. 2012. Unstable angina and non-ST elevation myocardial infarction. Am J Respir Crit Care Med, 185, 924-32.
BRILES, D. E., HOLLINGSHEAD, S. K., PATON, J. C., ADES, E. W., NOVAK, L., VAN GINKEL, F. W. & BENJAMIN, W. H., JR. 2003. Immunizations with pneumococcal surface protein A and pneumolysin are protective against pneumonia in a murine model of pulmonary infection with Streptococcus pneumoniae. J Infect Dis, 188, 339-48.
BROWN, A. J., TENG, Z., EVANS, P. C., GILLARD, J. H., SAMADY, H. & BENNETT, M. R. 2016. Role of biomechanical forces in the natural history of coronary atherosclerosis. Nat Rev Cardiol, 13, 210-20.
BROWN, A. O., MANN, B., GAO, G., HANKINS, J. S., HUMANN, J., GIARDINA, J., FAVERIO, P., RESTREPO, M. I., HALADE, G. V., MORTENSEN, E. M., LINDSEY, M. L., HANES, M., HAPPEL, K. I., NELSON, S., BAGBY, G. J., LORENT, J. A., CARDINAL, P., GRANADOS, R., ESTEBAN, A., LESAUX, C. J., TUOMANEN, E. I. & ORIHUELA, C. J. 2014. Streptococcus pneumoniae translocates into the myocardium and forms unique microlesions that disrupt cardiac function. PLoS Pathog, 10, e1004383.
BROWN, B. G., ZHAO, X. Q., SACCO, D. E. & ALBERS, J. J. 1993. Lipid lowering and plaque regression. New insights into prevention of plaque disruption and clinical events in coronary disease. Circulation, 87, 1781-91.
BRUEGGEMANN, A. B., PETO, T. E., CROOK, D. W., BUTLER, J. C., KRISTINSSON, K. G. & SPRATT, B. G. 2004. Temporal and geographic stability of the serogroup-specific invasive disease potential of Streptococcus pneumoniae in children. J Infect Dis, 190, 1203-11.
BUFFON, A., BIASUCCI, L. M., LIUZZO, G., D'ONOFRIO, G., CREA, F. & MASERI, A. 2002. Widespread coronary inflammation in unstable angina. N Engl J Med, 347, 5-12.
BURKE, A. P., FARB, A., MALCOM, G. T., LIANG, Y. H., SMIALEK, J. & VIRMANI, R. 1997. Coronary risk factors and plaque morphology in men with coronary disease who died suddenly. N Engl J Med, 336, 1276-82.
BURNETT, M. S., GAYDOS, C. A., MADICO, G. E., GLAD, S. M., PAIGEN, B., QUINN, T. C. & EPSTEIN, S. E. 2001. Atherosclerosis in apoE knockout mice infected with multiple pathogens. J Infect Dis, 183, 226-231.
CALBO, E. & GARAU, J. 2010. Of mice and men: innate immunity in pneumococcal pneumonia. Int J Antimicrob Agents, 35, 107-13.
CALIGIURI, G., NICOLETTI, A., ZHOU, X., TORNBERG, I. & HANSSON, G. K. 1999. Effects of sex and age on atherosclerosis and autoimmunity in apoE-deficient mice. Atherosclerosis, 145, 301-8.
CAMPBELL, L. A. & KUO, C. C. 2004. Chlamydia pneumoniae--an infectious risk factor for atherosclerosis? Nat Rev Microbiol, 2, 23-32.
CANGEMI, R., CASCIARO, M., ROSSI, E., CALVIERI, C., BUCCI, T., CALABRESE, C. M., TALIANI, G., FALCONE, M., PALANGE, P., BERTAZZONI, G., FARCOMENI, A., GRIECO, S., PIGNATELLI, P. & VIOLI, F. 2014. Platelet activation is associated with myocardial infarction in patients with pneumonia. J Am Coll Cardiol, 64, 1917-25.
CANVIN, J. R., MARVIN, A. P., SIVAKUMARAN, M., PATON, J. C., BOULNOIS, G. J., ANDREW, P. W. & MITCHELL, T. J. 1995. The role of pneumolysin and autolysin in the pathology of pneumonia and septicemia in mice infected with a type 2 pneumococcus. J Infect Dis, 172, 119-23.
CARDILO-REIS, L., GRUBER, S., SCHREIER, S. M., DRECHSLER, M., PAPAC-MILICEVIC, N., WEBER, C., WAGNER, O., STANGL, H., SOEHNLEIN, O. & BINDER, C. J. 2012. Interleukin-13 protects from atherosclerosis and modulates plaque composition by skewing the macrophage phenotype. EMBO Mol Med, 4, 1072-86.
CASSCELLS, S. W., GRANGER, E., KRESS, A. M., LINTON, A., MADJID, M. & COTTRELL, L. 2009. Use of oseltamivir after influenza infection is associated with reduced incidence of recurrent adverse cardiovascular outcomes among military health system beneficiaries with prior cardiovascular diseases. Circ Cardiovasc Qual Outcomes, 2, 108-15.
CELENG, C., TAKX, R. A., FERENCIK, M. & MAUROVICH-HORVAT, P. 2016. Non-invasive and invasive imaging of vulnerable coronary plaque. Trends Cardiovasc Med, 26, 538-47.
CHALMERS, J. D., SINGANAYAGAM, A., MURRAY, M. P. & HILL, A. T. 2008. Prior statin use is associated with improved outcomes in community-acquired pneumonia. Am J Med, 121, 1002-1007 e1.
CHAMBERLAIN, J., FRANCIS, S., BROOKES, Z., SHAW, G., GRAHAM, D., ALP, N. J., DOWER, S. & CROSSMAN, D. C. 2009. Interleukin-1 regulates multiple atherogenic mechanisms in response to fat feeding. PLoS One, 4, e5073.
CHEN, G. C., LAU, K., HAMILTON, R. L. & KANE, J. P. 1991. Differences in local conformation in human apolipoprotein B-100 of plasma low density and very low density lipoproteins as identified by cathepsin D. J Biol Chem, 266, 12581-7.
CHIAVOLINI, D., POZZI, G. & RICCI, S. 2008. Animal models of Streptococcus pneumoniae disease. Clin Microbiol Rev, 21, 666-85.
CHINETTI-GBAGUIDI, G. & STAELS, B. 2009. Lipid ligand-activated transcription factors regulating lipid storage and release in human macrophages. Biochim Biophys Acta. Netherlands.
CHOI, J. I., CHUNG, S. W., KANG, H. S., RHIM, B. Y. & KIM, S. J. 2002. Establishment of Porphyromonas gingivalis heat-shock-protein-specific T-cell lines from atherosclerosis patients. J Dent Res, 81, 344-8.
CICHA, I., SCHNEIDERHAN-MARRA, N., YILMAZ, A., GARLICHS, C. D. & GOPPELT-STRUEBE, M. 2004. Monitoring the cellular effects of HMG-CoA reductase inhibitors in vitro and ex vivo. Arterioscler Thromb Vasc Biol, 24, 2046-50.
CISZEWSKI, A., BILINSKA, Z. T., BRYDAK, L. B., KEPKA, C., KRUK, M., ROMANOWSKA, M., KSIEZYCKA, E., PRZYLUSKI, J., PIOTROWSKI, W., MACZYNSKA, R. & RUZYLLO, W. 2008. Influenza vaccination in secondary prevention from coronary ischaemic events in coronary artery disease: FLUCAD study. Eur Heart J, 29, 1350-8.
CLAYTON, T. C., THOMPSON, M. & MEADE, T. W. 2008. Recent respiratory infection and risk of cardiovascular disease: case-control study through a general practice database. Eur Heart J, 29, 96-103.
COCHAIN, C. & ZERNECKE, A. 2015. Macrophages and immune cells in atherosclerosis: recent advances and novel concepts. Basic Res Cardiol, 110, 34.
COMBADIERE, C., POTTEAUX, S., RODERO, M., SIMON, T., PEZARD, A., ESPOSITO, B., MERVAL, R., PROUDFOOT, A., TEDGUI, A. & MALLAT, Z. 2008. Combined inhibition of CCL2, CX3CR1, and CCR5 abrogates Ly6C(hi) and Ly6C(lo) monocytosis and almost abolishes atherosclerosis in hypercholesterolemic mice. Circulation, 117, 1649-57.
CORRALES-MEDINA, V. F., ALVAREZ, K. N., WEISSFELD, L. A., ANGUS, D. C., CHIRINOS, J. A., CHANG, C. C., NEWMAN, A., LOEHR, L., FOLSOM, A. R., ELKIND, M. S., LYLES, M. F., KRONMAL, R. A. & YENDE, S. 2015. Association between hospitalization for pneumonia and subsequent risk of cardiovascular disease. Jama, 313, 264-74.
CORRALES-MEDINA, V. F., MADJID, M. & MUSHER, D. M. 2010. Role of acute infection in triggering acute coronary syndromes. Lancet Infect Dis, 10, 83-92.
CORRALES-MEDINA, V. F., MUSHER, D. M., WELLS, G. A., CHIRINOS, J. A., CHEN, L. & FINE, M. J. 2012. Cardiac complications in patients with community-acquired pneumonia: incidence, timing, risk factors, and association with short-term mortality. Circulation, 125, 773-81.
CORRALES-MEDINA, V. F., SERPA, J., RUEDA, A. M., GIORDANO, T. P., BOZKURT, B., MADJID, M., TWEARDY, D. & MUSHER, D. M. 2009. Acute bacterial pneumonia is associated with the occurrence of acute coronary syndromes. Medicine (Baltimore), 88, 154-9.
CORRALES-MEDINA, V. F., SUH, K. N., ROSE, G., CHIRINOS, J. A., DOUCETTE, S., CAMERON, D. W. & FERGUSSON, D. A. 2011. Cardiac complications in patients with community-acquired pneumonia: a systematic review and meta-analysis of observational studies. PLoS Med, 8, e1001048.
CORTELLARO, M., COFRANCESCO, E., ARBUSTINI, E., ROSSI, F., NEGRI, A., TREMOLI, E., GABRIELLI, L. & CAMERA, M. 2002. Atorvastatin and thrombogenicity of the carotid atherosclerotic plaque: the ATROCAP study. Thromb Haemost, 88, 41-7.
COX, D., KERRIGAN, S. W. & WATSON, S. P. 2011. Platelets and the innate immune system: mechanisms of bacterial-induced platelet activation. J Thromb Haemost, 9, 1097-107.
CRISBY, M., NORDIN-FREDRIKSSON, G., SHAH, P. K., YANO, J., ZHU, J. & NILSSON, J. 2001. Pravastatin treatment increases collagen content and decreases lipid content, inflammation, metalloproteinases, and cell death in human carotid plaques: implications for plaque stabilization. Circulation, 103, 926-33.
CRISTELL, N., CIANFLONE, D., DURANTE, A., AMMIRATI, E., VANUZZO, D., BANFI, M., CALORI, G., LATIB, A., CREA, F., MARENZI, G., DE METRIO, M., MORETTI, L., LI, H., UREN, N. G., HU, D. & MASERI, A. 2011. High-sensitivity C-reactive protein is within normal levels at the very onset of first ST-segment elevation acute myocardial infarction in 41% of cases: a multiethnic case-control study. J Am Coll Cardiol, 58, 2654-61.
CUNDELL, D. R., GERARD, N. P., GERARD, C., IDANPAAN-HEIKKILA, I. & TUOMANEN, E. I. 1995. Streptococcus pneumoniae anchor to activated human cells by the receptor for platelet-activating factor. Nature, 377, 435-8.
D'ELIOS, M. M., BENAGIANO, M., DELLA BELLA, C. & AMEDEI, A. 2011. T-cell response to bacterial agents. J Infect Dev Ctries, 5, 640-5.
DAVENPORT, P. & TIPPING, P. G. 2003. The role of interleukin-4 and interleukin-12 in the progression of atherosclerosis in apolipoprotein E-deficient mice. Am J Pathol, 163, 1117-25.
DAVIES, M. J. & THOMAS, A. 1984. Thrombosis and acute coronary-artery lesions in sudden cardiac ischemic death. N Engl J Med, 310, 1137-40.
DE BOER, O. J., VAN DER WAL, A. C., HOUTKAMP, M. A., OSSEWAARDE, J. M., TEELING, P. & BECKER, A. E. 2000. Unstable atherosclerotic plaques contain T-cells that respond to Chlamydia pneumoniae. Cardiovasc Res. Netherlands.
DE BONT, N., NETEA, M. G., DEMACKER, P. N., KULLBERG, B. J., VAN DER MEER, J. W. & STALENHOEF, A. F. 2000. Apolipoprotein E-deficient mice have an impaired immune response to Klebsiella pneumoniae. Eur J Clin Invest, 30, 818-22.
DE HAAS, C. J., WEETERINGS, C., VUGHS, M. M., DE GROOT, P. G., VAN STRIJP, J. A. & LISMAN, T. 2009. Staphylococcal superantigen-like 5 activates platelets and supports platelet adhesion under flow conditions, which involves glycoprotein Ibalpha and alpha IIb beta 3. J Thromb Haemost, 7, 1867-74.
DENES, A., PRADILLO, J. M., DRAKE, C., SHARP, A., WARN, P., MURRAY, K. N., ROHIT, B., DOCKRELL, D. H., CHAMBERLAIN, J., CASBOLT, H., FRANCIS, S., MARTINECZ, B., NIESWANDT, B., ROTHWELL, N. J. & ALLAN, S. M. 2014. Streptococcus pneumoniae worsens cerebral ischemia via interleukin 1 and platelet glycoprotein Ibalpha. Ann Neurol, 75, 670-83.
DERLINDATI, E., DEI CAS, A., MONTANINI, B., SPIGONI, V., CURELLA, V., ALDIGERI, R., ARDIGO, D., ZAVARONI, I. & BONADONNA, R. C. 2015. Transcriptomic analysis of human polarized macrophages: more than one role of alternative activation? PLoS One, 10, e0119751.
DING, L., BISWAS, S., MORTON, R. E., SMITH, J. D., HAY, N., BYZOVA, T. V., FEBBRAIO, M. & PODREZ, E. A. 2012. Akt3 deficiency in macrophages promotes foam cell formation and atherosclerosis in mice. Cell Metab, 15, 861-72.
DOCKRELL, D. H., MARRIOTT, H. M., PRINCE, L. R., RIDGER, V. C., INCE, P. G., HELLEWELL, P. G. & WHYTE, M. K. 2003. Alveolar macrophage apoptosis contributes to pneumococcal clearance in a resolving model of pulmonary infection. J Immunol, 171, 5380-8.
DOUGLAS, I., EVANS, S. & SMEETH, L. 2011. Effect of statin treatment on short term mortality after pneumonia episode: cohort study. BMJ, 342, d1642.
DRIJKONINGEN, J. J. & ROHDE, G. G. 2014. Pneumococcal infection in adults: burden of disease. Clin Microbiol Infect, 20 Suppl 5, 45-51.
DUEWELL, P., KONO, H., RAYNER, K. J., SIROIS, C. M., VLADIMER, G., BAUERNFEIND, F. G., ABELA, G. S., FRANCHI, L., NUNEZ, G., SCHNURR, M., ESPEVIK, T., LIEN, E., FITZGERALD, K. A., ROCK, K. L., MOORE, K. J., WRIGHT, S. D., HORNUNG, V. & LATZ, E. 2010. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature, 464, 1357-61.
DUTTA, P., COURTIES, G., WEI, Y., LEUSCHNER, F., GORBATOV, R., ROBBINS, C. S., IWAMOTO, Y., THOMPSON, B., CARLSON, A. L., HEIDT, T., MAJMUDAR, M. D., LASITSCHKA, F., ETZRODT, M., WATERMAN, P., WARING, M. T., CHICOINE, A. T., VAN DER LAAN, A. M., NIESSEN, H. W., PIEK, J. J., RUBIN, B. B., BUTANY, J., STONE, J. R., KATUS, H. A., MURPHY, S. A., MORROW, D. A., SABATINE, M. S., VINEGONI, C., MOSKOWITZ, M. A., PITTET, M. J., LIBBY, P., LIN, C. P., SWIRSKI, F. K., WEISSLEDER, R. & NAHRENDORF, M. 2012. Myocardial infarction accelerates atherosclerosis. Nature.
EDFELDT, K., SWEDENBORG, J., HANSSON, G. K. & YAN, Z. Q. 2002. Expression of toll-like receptors in human atherosclerotic lesions: a possible pathway for plaque activation. Circulation, 105, 1158-61.
EMSLEY, H. C. & HOPKINS, S. J. 2008. Acute ischaemic stroke and infection: recent and emerging concepts. Lancet Neurol. England.
ENDEMAN, H., CORNIPS, M. C., GRUTTERS, J. C., VAN DEN BOSCH, J. M., RUVEN, H. J., VAN VELZEN-BLAD, H., RIJKERS, G. T. & BIESMA, D. H. 2009. The Fcgamma receptor IIA-R/R131 genotype is associated with severe sepsis in community-acquired pneumonia. Clin Vaccine Immunol, 16, 1087-90.
ERBEL, C., TYKA, M., HELMES, C. M., AKHAVANPOOR, M., RUPP, G., DOMSCHKE, G., LINDEN, F., WOLF, A., DOESCH, A., LASITSCHKA, F., KATUS, H. A. & GLEISSNER, C. A. 2015. CXCL4-induced plaque macrophages can be specifically identified by co-expression of MMP7+S100A8+ in vitro and in vivo. Innate Immun, 21, 255-65.
EURICH, D. T., JOHNSTONE, J. J., MINHAS-SANDHU, J. K., MARRIE, T. J. & MAJUMDAR, S. R. 2012. Pneumococcal vaccination and risk of acute coronary syndromes in patients with pneumonia: population-based cohort study. Heart, 98, 1072-7.
FALK, E., SHAH, P. K. & FUSTER, V. 1995. Coronary plaque disruption. Circulation, 92, 657-71.
FEIG, J. E. & FISHER, E. A. 2013. Laser capture microdissection for analysis of macrophage gene expression from atherosclerotic lesions. Methods Mol Biol, 1027, 123-35.
FELDMAN, M. Y. 1973. Reactions of nucleic acids and nucleoproteins with formaldehyde. Prog Nucleic Acid Res Mol Biol, 13, 1-49.
FERRANTE, G., NAKANO, M., PRATI, F., NICCOLI, G., MALLUS, M. T., RAMAZZOTTI, V., MONTONE, R. A., KOLODGIE, F. D., VIRMANI, R. & CREA, F. 2010. High levels of systemic myeloperoxidase are associated with coronary plaque erosion in patients with acute coronary syndromes: a clinicopathological study. Circulation, 122, 2505-13.
FINLEY, D. 2009. Recognition and processing of ubiquitin-protein conjugates by the proteasome. Annu Rev Biochem, 78:477-513., 10.1146/annurev.biochem.78.081507.101607.
FLEIGE, S., WALF, V., HUCH, S., PRGOMET, C., SEHM, J. & PFAFFL, M. W. 2006. Comparison of relative mRNA quantification models and the impact of RNA integrity in quantitative real-time RT-PCR. Biotechnol Lett, 28, 1601-13.
FOKS, A. C., FRODERMANN, V., TER BORG, M., HABETS, K. L., BOT, I., ZHAO, Y., VAN ECK, M., VAN BERKEL, T. J., KUIPER, J. & VAN PUIJVELDE, G. H. 2011. Differential effects of regulatory T cells on the initiation and regression of atherosclerosis. Atherosclerosis, 218, 53-60.
FOKS, A. C., LICHTMAN, A. H. & KUIPER, J. 2015. Treating atherosclerosis with regulatory T cells. Arterioscler Thromb Vasc Biol, 35, 280-7.
FRANCO, R. F., DE JONGE, E., DEKKERS, P. E., TIMMERMAN, J. J., SPEK, C. A., VAN DEVENTER, S. J., VAN DEURSEN, P., VAN KERKHOFF, L., VAN GEMEN, B., TEN CATE, H., VAN DER POLL, T. & REITSMA, P. H. 2000. The in vivo kinetics of tissue factor messenger RNA expression during human endotoxemia: relationship with activation of coagulation. Blood, 96, 554-9.
GALLARDO-SOLER, A., GOMEZ-NIETO, C., CAMPO, M. L., MARATHE, C., TONTONOZ, P., CASTRILLO, A. & CORRALIZA, I. 2008. Arginase I induction by modified lipoproteins in macrophages: a peroxisome proliferator-activated receptor-gamma/delta-mediated effect that links lipid metabolism and immunity. Mol Endocrinol, 22, 1394-402.
GANDO, S., KAMEUE, T., MORIMOTO, Y., MATSUDA, N., HAYAKAWA, M. & KEMMOTSU, O. 2002. Tissue factor production not balanced by tissue factor pathway inhibitor in sepsis promotes poor prognosis. Crit Care Med, 30, 1729-34.
GAO, P., WATANABE, S., ITO, T., GOTO, H., WELLS, K., MCGREGOR, M., COOLEY, A. J. & KAWAOKA, Y. 1999. Biological heterogeneity, including systemic replication in mice, of H5N1 influenza A virus isolates from humans in Hong Kong. J Virol, 73, 3184-9.
GETZ, G. S. & REARDON, C. A. 2006. Diet and murine atherosclerosis. Arterioscler Thromb Vasc Biol. United States.
GETZ, G. S. & REARDON, C. A. 2012. Animal models of atherosclerosis. Arterioscler Thromb Vasc Biol, 32, 1104-15.
GINHOUX, F., SCHULTZE, J. L., MURRAY, P. J., OCHANDO, J. & BISWAS, S. K. 2016. New insights into the multidimensional concept of macrophage ontogeny, activation and function. Nat Immunol, 17, 34-40.
GISTERA, A., ROBERTSON, A. K., ANDERSSON, J., KETELHUTH, D. F., OVCHINNIKOVA, O., NILSSON, S. K., LUNDBERG, A. M., LI, M. O., FLAVELL, R. A. & HANSSON, G. K. 2013. Transforming growth factor-beta signaling in T cells promotes stabilization of atherosclerotic plaques through an interleukin-17-dependent pathway. Sci Transl Med, 5, 196ra100.
GLYNN, P., COAKLEY, R., KILGALLEN, I., MURPHY, N. & O'NEILL, S. 1999. Circulating interleukin 6 and interleukin 10 in community acquired pneumonia. Thorax, 54, 51-5.
GOLDMANN, O., VON KOCKRITZ-BLICKWEDE, M., HOLTJE, C., CHHATWAL, G. S., GEFFERS, R. & MEDINA, E. 2007. Transcriptome analysis of murine macrophages in response to infection with Streptococcus pyogenes reveals an unusual activation program. Infect Immun, 75, 4148-57.
GOLDSTEIN, J. A., DEMETRIOU, D., GRINES, C. L., PICA, M., SHOUKFEH, M. & O'NEILL, W. W. 2000. Multiple complex coronary plaques in patients with acute myocardial infarction. N Engl J Med, 343, 915-22.
GORDON, S. 2003. Alternative activation of macrophages. Nat Rev Immunol. England.
GORDON, S. & TAYLOR, P. R. 2005. Monocyte and macrophage heterogeneity. Nat Rev Immunol. England.
GORDON, S. B., IRVING, G. R., LAWSON, R. A., LEE, M. E. & READ, R. C. 2000. Intracellular trafficking and killing of Streptococcus pneumoniae by human alveolar macrophages are influenced by opsonins. Infect Immun, 68, 2286-93.
GOULD, J. M. & WEISER, J. N. 2002. The inhibitory effect of C-reactive protein on bacterial phosphorylcholine platelet-activating factor receptor-mediated adherence is blocked by surfactant. J Infect Dis, 186, 361-71.
GROSS, A. K., DUNN, S. P., FEOLA, D. J., MARTIN, C. A., CHARNIGO, R., LI, Z., ABDEL-LATIF, A. & SMYTH, S. S. 2013. Clopidogrel treatment and the incidence and severity of community acquired pneumonia in a cohort study and meta-analysis of antiplatelet therapy in pneumonia and critical illness. J Thromb Thrombolysis, 35, 147-54.
GRUNDTMAN, C., KREUTMAYER, S. B., ALMANZAR, G., WICK, M. C. & WICK, G. 2011. Heat shock protein 60 and immune inflammatory responses in atherosclerosis. Arterioscler Thromb Vasc Biol, 31, 960-8.
GURFINKEL, E. P., LEON DE LA FUENTE, R., MENDIZ, O. & MAUTNER, B. 2004. Flu vaccination in acute coronary syndromes and planned percutaneous coronary interventions (FLUVACS) Study. Eur Heart J, 25, 25-31.
HAGLUND, K. & DIKIC, I. 2012. The role of ubiquitylation in receptor endocytosis and endosomal sorting. J Cell Sci, 125, 265-75.
HAIDAR, B., KISS, R. S., SAROV-BLAT, L., BRUNET, R., HARDER, C., MCPHERSON, R. & MARCEL, Y. L. 2006. Cathepsin D, a lysosomal protease, regulates ABCA1-mediated lipid efflux. J Biol Chem. United States.
HAIDARI, M., WYDE, P. R., LITOVSKY, S., VELA, D., ALI, M., CASSCELLS, S. W. & MADJID, M. 2010. Influenza virus directly infects, inflames, and resides in the arteries of atherosclerotic and normal mice. Atherosclerosis. Ireland: 2009 Elsevier Ireland Ltd.
HAKALA, J. K., OKSJOKI, R., LAINE, P., DU, H., GRABOWSKI, G. A., KOVANEN, P. T. & PENTIKAINEN, M. O. 2003. Lysosomal enzymes are released from cultured human macrophages, hydrolyze LDL in vitro, and are present extracellularly in human atherosclerotic lesions. Arterioscler Thromb Vasc Biol. United States.
HAMA, Y., KUROKAWA, M., IMAKITA, M., YOSHIDA, Y., SHIMIZU, T., WATANABE, W. & SHIRAKI, K. 2009. Interleukin 12 is a primary cytokine responding to influenza virus infection in the respiratory tract of mice. Acta Virol, 53, 233-40.
HAMMERSCHMIDT, S., TALAY, S. R., BRANDTZAEG, P. & CHHATWAL, G. S. 1997. SpsA, a novel pneumococcal surface protein with specific binding to secretory immunoglobulin A and secretory component. Mol Microbiol, 25, 1113-24.
HAMZA, T., BARNETT, J. B. & LI, B. 2010. Interleukin 12 a key immunoregulatory cytokine in infection applications. Int J Mol Sci, 11, 789-806.
HANNA, R. N., SHAKED, I., HUBBELING, H. G., PUNT, J. A., WU, R., HERRLEY, E., ZAUGG, C., PEI, H., GEISSMANN, F., LEY, K. & HEDRICK, C. C. 2012. NR4A1 (Nur77) deletion polarizes macrophages toward an inflammatory phenotype and increases atherosclerosis. Circ Res, 110, 416-27.
HANSSON, G. K. & HERMANSSON, A. 2011. The immune system in atherosclerosis. Nat Immunol. United States.
HANSSON, G. K., LIBBY, P. & TABAS, I. 2015. Inflammation and plaque vulnerability. J Intern Med, 278, 483-93.
HANSSON, G. K., ROBERTSON, A. K. & SODERBERG-NAUCLER, C. 2006. Inflammation and atherosclerosis. Annu Rev Pathol, 1, 297-329.
HELLER, E. A., LIU, E., TAGER, A. M., YUAN, Q., LIN, A. Y., AHLUWALIA, N., JONES, K., KOEHN, S. L., LOK, V. M., AIKAWA, E., MOORE, K. J., LUSTER, A. D. & GERSZTEN, R. E. 2006. Chemokine CXCL10 promotes atherogenesis by modulating the local balance of effector and regulatory T cells. Circulation, 113, 2301-12.
HENRIQUES, B., KALIN, M., ORTQVIST, A., OLSSON LILJEQUIST, B., ALMELA, M., MARRIE, T. J., MUFSON, M. A., TORRES, A., WOODHEAD, M. A., SVENSON, S. B. & KALLENIUS, G. 2000. Molecular epidemiology of Streptococcus pneumoniae causing invasive disease in 5 countries. J Infect Dis, 182, 833-9.
HENRIQUES-NORMARK, B. & TUOMANEN, E. I. 2013. The pneumococcus: epidemiology, microbiology, and pathogenesis. Cold Spring Harb Perspect Med, 3.
HERRMANN, J., EDWARDS, W. D., HOLMES, D. R., JR., SHOGREN, K. L., LERMAN, L. O., CIECHANOVER, A. & LERMAN, A. 2002. Increased ubiquitin immunoreactivity in unstable atherosclerotic plaques associated with acute coronary syndromes. J Am Coll Cardiol, 40, 1919-27.
HERRMANN, J., LERMAN, L. O. & LERMAN, A. 2007. Ubiquitin and ubiquitin-like proteins in protein regulation. Circ Res, 100, 1276-91.
HEWITT, S. M., LEWIS, F. A., CAO, Y., CONRAD, R. C., CRONIN, M., DANENBERG, K. D., GORALSKI, T. J., LANGMORE, J. P., RAJA, R. G., WILLIAMS, P. M., PALMA, J. F. & WARRINGTON, J. A. 2008. Tissue handling and specimen preparation in surgical pathology: issues concerning the recovery of nucleic acids from formalin-fixed, paraffin-embedded tissue. Arch Pathol Lab Med, 132, 1929-35.
HSIEH, V., KIM, M. J., GELISSEN, I. C., BROWN, A. J., SANDOVAL, C., HALLAB, J. C., KOCKX, M., TRAINI, M., JESSUP, W. & KRITHARIDES, L. 2014. Cellular cholesterol regulates ubiquitination and degradation of the cholesterol export proteins ABCA1 and ABCG1. J Biol Chem, 289, 7524-36.
HUNG, I. F., LEUNG, A. Y., CHU, D. W., LEUNG, D., CHEUNG, T., CHAN, C. K., LAM, C. L., LIU, S. H., CHU, C. M., HO, P. L., CHAN, S., LAM, T. H., LIANG, R. & YUEN, K. Y. 2010. Prevention of acute myocardial infarction and stroke among elderly persons by dual pneumococcal and influenza vaccination: a prospective cohort study. Clin Infect Dis, 51, 1007-16.
IKEDA, U., ITO, T. & SHIMADA, K. 2001. Interleukin-6 and acute coronary syndrome. Clin Cardiol, 24, 701-4.
JACKSON, C. L., BENNETT, M. R., BIESSEN, E. A., JOHNSON, J. L. & KRAMS, R. 2007. Assessment of unstable atherosclerosis in mice. Arterioscler Thromb Vasc Biol, 27, 714-20.
JOHNSON, J., CARSON, K., WILLIAMS, H., KARANAM, S., NEWBY, A., ANGELINI, G., GEORGE, S. & JACKSON, C. 2005. Plaque rupture after short periods of fat feeding in the apolipoprotein E-knockout mouse: model characterization and effects of pravastatin treatment. Circulation, 111, 1422-30.
JOHNSON, J. L. & JACKSON, C. L. 2001. Atherosclerotic plaque rupture in the apolipoprotein E knockout mouse. Atherosclerosis, 154, 399-406.
JOHNSTONE, J., MAJUMDAR, S. R., FOX, J. D. & MARRIE, T. J. 2008. Viral infection in adults hospitalized with community-acquired pneumonia: prevalence, pathogens, and presentation. Chest, 134, 1141-8.
JULKUNEN, I., SARENEVA, T., PIRHONEN, J., RONNI, T., MELEN, K. & MATIKAINEN, S. 2001. Molecular pathogenesis of influenza A virus infection and virus-induced regulation of cytokine gene expression. Cytokine Growth Factor Rev. England.
KAARTINEN, M., PENTTILA, A. & KOVANEN, P. T. 1994. Mast cells of two types differing in neutral protease composition in the human aortic intima. Demonstration of tryptase- and tryptase/chymase-containing mast cells in normal intimas, fatty streaks, and the shoulder region of atheromas. Arterioscler Thromb, 14, 966-72.
KADIOGLU, A. & ANDREW, P. W. 2004. The innate immune response to pneumococcal lung infection: the untold story. Trends Immunol, 25, 143-9.
KADIOGLU, A., CUPPONE, A. M., TRAPPETTI, C., LIST, T., SPREAFICO, A., POZZI, G., ANDREW, P. W. & OGGIONI, M. R. 2011. Sex-based differences in susceptibility to respiratory and systemic pneumococcal disease in mice. J Infect Dis, 204, 1971-9.
KADIOGLU, A., GINGLES, N. A., GRATTAN, K., KERR, A., MITCHELL, T. J. & ANDREW, P. W. 2000. Host cellular immune response to pneumococcal lung infection in mice. Infect Immun, 68, 492-501.
KADL, A., MEHER, A. K., SHARMA, P. R., LEE, M. Y., DORAN, A. C., JOHNSTONE, S. R., ELLIOTT, M. R., GRUBER, F., HAN, J., CHEN, W., KENSLER, T., RAVICHANDRAN, K. S., ISAKSON, B. E., WAMHOFF, B. R. & LEITINGER, N. 2010. Identification of a novel macrophage phenotype that develops in response to atherogenic phospholipids via Nrf2. Circ Res, 107, 737-46.
KALIN, M. 1998. Pneumococcal serotypes and their clinical relevance. Thorax, 53, 159-62.
KASHOFER, K., VIERTLER, C., PICHLER, M. & ZATLOUKAL, K. 2013. Quality control of RNA preservation and extraction from paraffin-embedded tissue: implications for RT-PCR and microarray analysis. PLoS One, 8, e70714.
KATSUKI, S., MATOBA, T., NAKASHIRO, S., SATO, K., KOGA, J., NAKANO, K., NAKANO, Y., EGUSA, S., SUNAGAWA, K. & EGASHIRA, K. 2014. Nanoparticle-mediated delivery of pitavastatin inhibits atherosclerotic plaque destabilization/rupture in mice by regulating the recruitment of inflammatory monocytes. Circulation, 129, 896-906.
KATTAN, O. M., KASRAVI, F. B., ELFORD, E. L., SCHELL, M. T. & HARRIS, H. W. 2008. Apolipoprotein E-mediated immune regulation in sepsis. J Immunol, 181, 1399-408.
KAYNAR, A. M., YENDE, S., ZHU, L., FREDERICK, D. R., CHAMBERS, R., BURTON, C. L., CARTER, M., STOLZ, D. B., AGOSTINI, B., GREGORY, A. D., NAGARAJAN, S., SHAPIRO, S. D. & ANGUS, D. C. 2014. Effects of intra-abdominal sepsis on atherosclerosis in mice. Crit Care, 18, 469.
KEANE, C., TILLEY, D., CUNNINGHAM, A., SMOLENSKI, A., KADIOGLU, A., COX, D., JENKINSON, H. F. & KERRIGAN, S. W. 2010. Invasive Streptococcus pneumoniae trigger platelet activation via Toll-like receptor 2. J Thromb Haemost, 8, 2757-65.
KELLER, T. T., VAN DER MEER, J. J., TEELING, P., VAN DER SLUIJS, K., IDU, M. M., RIMMELZWAAN, G. F., LEVI, M., VAN DER WAL, A. C. & DE BOER, O. J. 2008. Selective expansion of influenza A virus-specific T cells in symptomatic human carotid artery atherosclerotic plaques. Stroke. United States.
KERR, A. R., PATERSON, G. K., RIBOLDI-TUNNICLIFFE, A. & MITCHELL, T. J. 2005. Innate immune defense against pneumococcal pneumonia requires pulmonary complement component C3. Infect Immun, 73, 4245-52.
KHALLOU-LASCHET, J., VARTHAMAN, A., FORNASA, G., COMPAIN, C., GASTON, A. T., CLEMENT, M., DUSSIOT, M., LEVILLAIN, O., GRAFF-DUBOIS, S., NICOLETTI, A. & CALIGIURI, G. 2010. Macrophage plasticity in experimental atherosclerosis. PLoS One, 5, e8852.
KHOT, U. N., KHOT, M. B., BAJZER, C. T., SAPP, S. K., OHMAN, E. M., BRENER, S. J., ELLIS, S. G., LINCOFF, A. M. & TOPOL, E. J. 2003. Prevalence of conventional risk factors in patients with coronary heart disease. JAMA, 290, 898-904.
KING, V. L., CASSIS, L. A. & DAUGHERTY, A. 2007. Interleukin-4 does not influence development of hypercholesterolemia or angiotensin II-induced atherosclerotic lesions in mice. Am J Pathol, 171, 2040-7.
KING, V. L., SZILVASSY, S. J. & DAUGHERTY, A. 2002. Interleukin-4 deficiency decreases atherosclerotic lesion formation in a site-specific manner in female LDL receptor-/- mice. Arterioscler Thromb Vasc Biol, 22, 456-61.
KOLODGIE, F. D., BURKE, A. P., FARB, A., GOLD, H. K., YUAN, J., NARULA, J., FINN, A. V. & VIRMANI, R. 2001. The thin-cap fibroatheroma: a type of vulnerable plaque: the major precursor lesion to acute coronary syndromes. Curr Opin Cardiol, 16, 285-92.
KOREN, O., SPOR, A., FELIN, J., FAK, F., STOMBAUGH, J., TREMAROLI, V., BEHRE, C. J., KNIGHT, R., FAGERBERG, B., LEY, R. E. & BACKHED, F. 2011. Human oral, gut, and plaque microbiota in patients with atherosclerosis. Proc Natl Acad Sci U S A, 108 Suppl 1, 4592-8.
KREUTZ, R. P., BLIDEN, K. P., TANTRY, U. S. & GURBEL, P. A. 2005. Viral respiratory tract infections increase platelet reactivity and activation: an explanation for the higher rates of myocardial infarction and stroke during viral illness. J Thromb Haemost. England.
KRUTH, H. S. 2002. Sequestration of aggregated low-density lipoproteins by macrophages. Curr Opin Lipidol, 13, 483-8.
KRUTH, H. S. 2011. Receptor-independent fluid-phase pinocytosis mechanisms for induction of foam cell formation with native low-density lipoprotein particles. Curr Opin Lipidol, 22, 386-93.
LAINE, P., KAARTINEN, M., PENTTILA, A., PANULA, P., PAAVONEN, T. & KOVANEN, P. T. 1999. Association between myocardial infarction and the mast cells in the adventitia of the infarct-related coronary artery. Circulation, 99, 361-9.
LAMONTAGNE, F., GARANT, M. P., CARVALHO, J. C., LANTHIER, L., SMIEJA, M. & PILON, D. 2008. Pneumococcal vaccination and risk of myocardial infarction. CMAJ, 179, 773-7.
LANDRY, D. W. & OLIVER, J. A. 2001. The pathogenesis of vasodilatory shock. N Engl J Med, 345, 588-95.
LANDSMAN, L., BAR-ON, L., ZERNECKE, A., KIM, K. W., KRAUTHGAMER, R., SHAGDARSUREN, E., LIRA, S. A., WEISSMAN, I. L., WEBER, C. & JUNG, S. 2009. CX3CR1 is required for monocyte homeostasis and atherogenesis by promoting cell survival. Blood, 113, 963-72.
LASSILA, R., BADIMON, J. J., VALLABHAJOSULA, S. & BADIMON, L. 1990. Dynamic monitoring of platelet deposition on severely damaged vessel wall in flowing blood. Effects of different stenoses on thrombus growth. Arteriosclerosis, 10, 306-15.
LAUFS, U., KILTER, H., KONKOL, C., WASSMANN, S., BOHM, M. & NICKENIG, G. 2002. Impact of HMG CoA reductase inhibition on small GTPases in the heart. Cardiovasc Res, 53, 911-20.
LAURAT, E., POIRIER, B., TUPIN, E., CALIGIURI, G., HANSSON, G. K., BARIETY, J. & NICOLETTI, A. 2001. In vivo downregulation of T helper cell 1 immune responses reduces atherogenesis in apolipoprotein E-knockout mice. Circulation, 104, 197-202.
LEE, R. T., SCHOEN, F. J., LOREE, H. M., LARK, M. W. & LIBBY, P. 1996. Circumferential stress and matrix metalloproteinase 1 in human coronary atherosclerosis. Implications for plaque rupture. Arterioscler Thromb Vasc Biol, 16, 1070-3.
LEVI, M., VAN DER POLL, T. & BULLER, H. R. 2004. Bidirectional relation between inflammation and coagulation. Circulation, 109, 2698-704.
LEY, K., LAUDANNA, C., CYBULSKY, M. I. & NOURSHARGH, S. 2007. Getting to the site of inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol, 7, 678-89.
LI, G., MONGILLO, M., CHIN, K. T., HARDING, H., RON, D., MARKS, A. R. & TABAS, I. 2009. Role of ERO1-alpha-mediated stimulation of inositol 1,4,5-triphosphate receptor activity in endoplasmic reticulum stress-induced apoptosis. J Cell Biol, 186, 783-92.
LIAO, X., SLUIMER, J. C., WANG, Y., SUBRAMANIAN, M., BROWN, K., PATTISON, J. S., ROBBINS, J., MARTINEZ, J. & TABAS, I. 2012. Macrophage autophagy plays a protective role in advanced atherosclerosis. Cell Metab, 15, 545-53.
LIBBY, P. 2002. Inflammation in atherosclerosis. Nature, 420, 868-74.
LIBBY, P. & AIKAWA, M. 2003. Mechanisms of plaque stabilization with statins. Am J Cardiol, 91, 4B-8B.
LIM, R. S., SUHALIM, J. L., MIYAZAKI-ANZAI, S., MIYAZAKI, M., LEVI, M., POTMA, E. O. & TROMBERG, B. J. 2011. Identification of cholesterol crystals in plaques of atherosclerotic mice using hyperspectral CARS imaging. J Lipid Res, 52, 2177-86.
LIM, W. S., VAN DER EERDEN, M. M., LAING, R., BOERSMA, W. G., KARALUS, N., TOWN, G. I., LEWIS, S. A. & MACFARLANE, J. T. 2003. Defining community acquired pneumonia severity on presentation to hospital: an international derivation and validation study. Thorax, 58, 377-82.
LINDEMAN, J. H., ABDUL-HUSSIEN, H., VAN BOCKEL, J. H., WOLTERBEEK, R. & KLEEMANN, R. 2009. Clinical trial of doxycycline for matrix metalloproteinase-9 inhibition in patients with an abdominal aneurysm: doxycycline selectively depletes aortic wall neutrophils and cytotoxic T cells. Circulation, 119, 2209-16.
LIU, J., THEWKE, D. P., SU, Y. R., LINTON, M. F., FAZIO, S. & SINENSKY, M. S. 2005. Reduced macrophage apoptosis is associated with accelerated atherosclerosis in low-density lipoprotein receptor-null mice. Arterioscler Thromb Vasc Biol, 25, 174-9.
LIVAK, K. J. & SCHMITTGEN, T. D. 2001. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 25, 402-8.
LOFLING, J., VIMBERG, V., BATTIG, P. & HENRIQUES-NORMARK, B. 2011. Cellular interactions by LPxTG-anchored pneumococcal adhesins and their streptococcal homologues. Cell Microbiol, 13, 186-97.
LOREE, H. M., KAMM, R. D., STRINGFELLOW, R. G. & LEE, R. T. 1992. Effects of fibrous cap thickness on peak circumferential stress in model atherosclerotic vessels. Circ Res, 71, 850-8.
LUSIS, A. J. 2000. Atherosclerosis. Nature, 407, 233-41.
MADJID, M., VELA, D., KHALILI-TABRIZI, H., CASSCELLS, S. W. & LITOVSKY, S. 2007. Systemic infections cause exaggerated local inflammation in atherosclerotic coronary arteries: clues to the triggering effect of acute infections on acute coronary syndromes. Tex Heart Inst J, 34, 11-8.
MALLAT, Z., BESNARD, S., DURIEZ, M., DELEUZE, V., EMMANUEL, F., BUREAU, M. F., SOUBRIER, F., ESPOSITO, B., DUEZ, H., FIEVET, C., STAELS, B., DUVERGER, N., SCHERMAN, D. & TEDGUI, A. 1999. Protective role of interleukin-10 in atherosclerosis. Circ Res, 85, e17-24.
MANCHADO, E., EGUREN, M. & MALUMBRES, M. 2010. The anaphase-promoting complex/cyclosome (APC/C): cell-cycle-dependent and -independent functions. Biochem Soc Trans, 38, 65-71.
MANNING-TOBIN, J. J., MOORE, K. J., SEIMON, T. A., BELL, S. A., SHARUK, M., ALVAREZ-LEITE, J. I., DE WINTHER, M. P., TABAS, I. & FREEMAN, M. W. 2009. Loss of SR-A and CD36 activity reduces atherosclerotic lesion complexity without abrogating foam cell formation in hyperlipidemic mice. Arterioscler Thromb Vasc Biol, 29, 19-26.
MANTOVANI, A., SICA, A., SOZZANI, S., ALLAVENA, P., VECCHI, A. & LOCATI, M. 2004. The chemokine system in diverse forms of macrophage activation and polarization. Trends Immunol, 25, 677-86.
MARRIOTT, H. M., ALI, F., READ, R. C., MITCHELL, T. J., WHYTE, M. K. & DOCKRELL, D. H. 2004. Nitric oxide levels regulate macrophage commitment to apoptosis or necrosis during pneumococcal infection. FASEB J. United States.
MARRIOTT, H. M., HELLEWELL, P. G., CROSS, S. S., INCE, P. G., WHYTE, M. K. & DOCKRELL, D. H. 2006. Decreased alveolar macrophage apoptosis is associated with increased pulmonary inflammation in a murine model of pneumococcal pneumonia. J Immunol. United States.
MARRIOTT, H. M., JACKSON, L. E., WILKINSON, T. S., SIMPSON, A. J., MITCHELL, T. J., BUTTLE, D. J., CROSS, S. S., INCE, P. G., HELLEWELL, P. G., WHYTE, M. K. & DOCKRELL, D. H. 2008. Reactive oxygen species regulate neutrophil recruitment and survival in pneumococcal pneumonia. Am J Respir Crit Care Med, 177, 887-95.
MARTINEZ, F. O., HELMING, L. & GORDON, S. 2009. Alternative activation of macrophages: an immunologic functional perspective. Annu Rev Immunol. United States.
MATARAZZO, S., QUITADAMO, M. C., MANGO, R., CICCONE, S., NOVELLI, G. & BIOCCA, S. 2012. Cholesterol-lowering drugs inhibit lectin-like oxidized low-density lipoprotein-1 receptor function by membrane raft disruption. Mol Pharmacol, 82, 246-54.
MATOBA, T., SATO, K. & EGASHIRA, K. 2013. Mouse models of plaque rupture. Curr Opin Lipidol, 24, 419-25.
MATTILA, K. J. 1989. Viral and bacterial infections in patients with acute myocardial infarction. J Intern Med, 225, 293-6.
MAUGERI, N., ROVERE-QUERINI, P., EVANGELISTA, V., GODINO, C., DEMETRIO, M., BALDINI, M., FIGINI, F., COPPI, G., SLAVICH, M., CAMERA, M., BARTORELLI, A., MARENZI, G., CAMPANA, L., BALDISSERA, E., SABBADINI, M. G., CIANFLONE, D., TREMOLI, E., D'ANGELO, A., MANFREDI, A. A. & MASERI, A. 2012. An intense and short-lasting burst of neutrophil activation differentiates early acute myocardial infarction from systemic inflammatory syndromes. PLoS One, 7, e39484.
MCLAREN, J. E., MICHAEL, D. R., ASHLIN, T. G. & RAMJI, D. P. 2011. Cytokines, macrophage lipid metabolism and foam cells: implications for cardiovascular disease therapy. Prog Lipid Res. England: 2011 Elsevier Ltd.
MEDEIROS, L. A., KHAN, T., EL KHOURY, J. B., PHAM, C. L., HATTERS, D. M., HOWLETT, G. J., LOPEZ, R., O'BRIEN, K. D. & MOORE, K. J. 2004. Fibrillar amyloid protein present in atheroma activates CD36 signal transduction. J Biol Chem, 279, 10643-8.
MEIER, C. R., JICK, S. S., DERBY, L. E., VASILAKIS, C. & JICK, H. 1998. Acute respiratory-tract infections and risk of first-time acute myocardial infarction. Lancet, 351, 1467-71.
MENU, P., PELLEGRIN, M., AUBERT, J. F., BOUZOURENE, K., TARDIVEL, A., MAZZOLAI, L. & TSCHOPP, J. 2011. Atherosclerosis in ApoE-deficient mice progresses independently of the NLRP3 inflammasome. Cell Death Dis, 2, e137.
MERAT, S., FRUEBIS, J., SUTPHIN, M., SILVESTRE, M. & REAVEN, P. D. 2000. Effect of aging on aortic expression of the vascular cell adhesion molecule-1 and atherosclerosis in murine models of atherosclerosis. J Gerontol A Biol Sci Med Sci, 55, B85-94.
METHE, H., BRUNNER, S., WIEGAND, D., NABAUER, M., KOGLIN, J. & EDELMAN, E. R. 2005. Enhanced T-helper-1 lymphocyte activation patterns in acute coronary syndromes. J Am Coll Cardiol. United States.
METZLER, B., MAYR, M., DIETRICH, H., SINGH, M., WIEBE, E., XU, Q. & WICK, G. 1999. Inhibition of arteriosclerosis by T-cell depletion in normocholesterolemic rabbits immunized with heat shock protein 65. Arterioscler Thromb Vasc Biol, 19, 1905-11.
MICHELSEN, K. S., WONG, M. H., SHAH, P. K., ZHANG, W., YANO, J., DOHERTY, T. M., AKIRA, S., RAJAVASHISTH, T. B. & ARDITI, M. 2004. Lack of Toll-like receptor 4 or myeloid differentiation factor 88 reduces atherosclerosis and alters plaque phenotype in mice deficient in apolipoprotein E. Proc Natl Acad Sci U S A, 101, 10679-84.
MILBRANDT, E. B., READE, M. C., LEE, M., SHOOK, S. L., ANGUS, D. C., KONG, L., CARTER, M., YEALY, D. M. & KELLUM, J. A. 2009. Prevalence and significance of coagulation abnormalities in community-acquired pneumonia. Mol Med, 15, 438-45.
MILES, A. A., MISRA, S. S. & IRWIN, J. O. 1938. The estimation of the bactericidal power of the blood. J Hyg (Lond), 38, 732-49.
MILLER, M. A., STABENOW, J. M., PARVATHAREDDY, J., WODOWSKI, A. J., FABRIZIO, T. P., BINA, X. R., ZALDUONDO, L. & BINA, J. E. 2012. Visualization of murine intranasal dosing efficiency using luminescent Francisella tularensis: effect of instillation volume and form of anesthesia. PLoS One, 7, e31359.
MILLER, Y. I., CHOI, S. H., WIESNER, P., FANG, L., HARKEWICZ, R., HARTVIGSEN, K., BOULLIER, A., GONEN, A., DIEHL, C. J., QUE, X., MONTANO, E., SHAW, P. X., TSIMIKAS, S., BINDER, C. J. & WITZTUM, J. L. 2011. Oxidation-specific epitopes are danger-associated molecular patterns recognized by pattern recognition receptors of innate immunity. Circ Res, 108, 235-48.
MOAZED, T. C., CAMPBELL, L. A., ROSENFELD, M. E., GRAYSTON, J. T. & KUO, C. C. 1999. Chlamydia pneumoniae infection accelerates the progression of atherosclerosis in apolipoprotein E-deficient mice. J Infect Dis, 180, 238-41.
MODICA, A., KARLSSON, F. & MOOE, T. 2007. Platelet aggregation and aspirin non-responsiveness increase when an acute coronary syndrome is complicated by an infection. J Thromb Haemost, 5, 507-11.
MOORE, K. J., SHEEDY, F. J. & FISHER, E. A. 2013. Macrophages in atherosclerosis: a dynamic balance. Nat Rev Immunol, 13, 709-21.
MORTENSEN, E. M., PUGH, M. J., COPELAND, L. A., RESTREPO, M. I., CORNELL, J. E., ANZUETO, A. & PUGH, J. A. 2008. Impact of statins and angiotensin-converting enzyme inhibitors on mortality of subjects hospitalised with pneumonia. Eur Respir J, 31, 611-7.
MOSORIN, M., SURCEL, H. M., LAURILA, A., LEHTINEN, M., KARTTUNEN, R., JUVONEN, J., PAAVONEN, J., MORRISON, R. P., SAIKKU, P. & JUVONEN, T. 2000. Detection of Chlamydia pneumoniae-reactive T lymphocytes in human atherosclerotic plaques of carotid artery. Arterioscler Thromb Vasc Biol, 20, 1061-7.
MOSSER, D. M. & EDWARDS, J. P. 2008. Exploring the full spectrum of macrophage activation. Nat Rev Immunol, 8, 958-69.
MOUSSA, K., MICHIE, H. J., CREE, I. A., MCCAFFERTY, A. C., WINTER, J. H., DHILLON, D. P., STEPHENS, S. & BROWN, R. A. 1994. Phagocyte function and cytokine production in community acquired pneumonia. Thorax, 49, 107-11.
MRAD, M. F., MOUAWAD, C. A., AL-HARIRI, M., EID, A. A., ALAM, J. & HABIB, A. 2012. Statins modulate transcriptional activity of heme-oxygenase-1 promoter in NIH 3T3 Cells. J Cell Biochem, 113, 3466-75.
MULLICK, A. E., TOBIAS, P. S. & CURTISS, L. K. 2005. Modulation of atherosclerosis in mice by Toll-like receptor 2. J Clin Invest, 115, 3149-56.
MURRAY, P. J., ALLEN, J. E., BISWAS, S. K., FISHER, E. A., GILROY, D. W., GOERDT, S., GORDON, S., HAMILTON, J. A., IVASHKIV, L. B., LAWRENCE, T., LOCATI, M., MANTOVANI, A., MARTINEZ, F. O., MEGE, J. L., MOSSER, D. M., NATOLI, G., SAEIJ, J. P., SCHULTZE, J. L., SHIREY, K. A., SICA, A., SUTTLES, J., UDALOVA, I., VAN GINDERACHTER, J. A., VOGEL, S. N. & WYNN, T. A. 2014. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity, 41, 14-20.
MUSHER, D. M., ALEXANDRAKI, I., GRAVISS, E. A., YANBEIY, N., EID, A., INDERIAS, L. A., PHAN, H. M. & SOLOMON, E. 2000. Bacteremic and nonbacteremic pneumococcal pneumonia. A prospective study. Medicine (Baltimore), 79, 210-21.
MUSHER, D. M., ROIG, I. L., CAZARES, G., STAGER, C. E., LOGAN, N. & SAFAR, H. 2013. Can an etiologic agent be identified in adults who are hospitalized for community-acquired pneumonia: results of a one-year study. J Infect, 67, 11-8.
MUSHER, D. M., RUEDA, A. M., KAKA, A. S. & MAPARA, S. M. 2007. The association between pneumococcal pneumonia and acute cardiac events. Clin Infect Dis, 45, 158-65.
MUSHER, D. M. & THORNER, A. R. 2014. Community-acquired pneumonia. N Engl J Med, 371, 1619-28.
MYERS, K. A. & MARRIE, T. J. 1993. Thrombotic microangiopathy associated with Streptococcus pneumoniae bacteremia: case report and review. Clin Infect Dis, 17, 1037-40.
MYLES, P. R., HUBBARD, R. B., GIBSON, J. E., POGSON, Z., SMITH, C. J. & MCKEEVER, T. M. 2009. The impact of statins, ACE inhibitors and gastric acid suppressants on pneumonia mortality in a UK general practice population cohort. Pharmacoepidemiol Drug Saf, 18, 697-703.
MYOISHI, M., HAO, H., MINAMINO, T., WATANABE, K., NISHIHIRA, K., HATAKEYAMA, K., ASADA, Y., OKADA, K., ISHIBASHI-UEDA, H., GABBIANI, G., BOCHATON-PIALLAT, M. L., MOCHIZUKI, N. & KITAKAZE, M. 2007. Increased endoplasmic reticulum stress in atherosclerotic plaques associated with acute coronary syndrome. Circulation. United States.
NAGHAVI, M., WYDE, P., LITOVSKY, S., MADJID, M., AKHTAR, A., NAGUIB, S., SIADATY, M. S., SANATI, S. & CASSCELLS, W. 2003. Influenza infection exerts prominent inflammatory and thrombotic effects on the atherosclerotic plaques of apolipoprotein E-deficient mice. Circulation, 107, 762-8.
NAKASHIMA, Y., PLUMP, A. S., RAINES, E. W., BRESLOW, J. L. & ROSS, R. 1994. ApoE-deficient mice develop lesions of all phases of atherosclerosis throughout the arterial tree. Arterioscler Thromb, 14, 133-40.
NARDUCCI, M. L., GRASSELLI, A., BIASUCCI, L. M., FARSETTI, A., MULE, A., LIUZZO, G., LA TORRE, G., NICCOLI, G., MONGIARDO, R., PONTECORVI, A. & CREA, F. 2007. High telomerase activity in neutrophils from unstable coronary plaques. J Am Coll Cardiol, 50, 2369-74.
NARULA, J., GARG, P., ACHENBACH, S., MOTOYAMA, S., VIRMANI, R. & STRAUSS, H. W. 2008. Arithmetic of vulnerable plaques for noninvasive imaging. Nat Clin Pract Cardiovasc Med, 5 Suppl 2, S2-10.
NEWBY, A. C. 2006. Matrix metalloproteinases regulate migration, proliferation, and death of vascular smooth muscle cells by degrading matrix and non-matrix substrates. Cardiovasc Res, 69, 614-24.
NEWBY, A. C. 2008. Metalloproteinase expression in monocytes and macrophages and its relationship to atherosclerotic plaque instability. Arterioscler Thromb Vasc Biol, 28, 2108-14.
NEWBY, D. E. 2010. Triggering of acute myocardial infarction: beyond the vulnerable plaque. Heart, 96, 1247-51.
NG, H. H., NARASARAJU, T., PHOON, M. C., SIM, M. K., SEET, J. E. & CHOW, V. T. 2012. Doxycycline treatment attenuates acute lung injury in mice infected with virulent influenza H3N2 virus: Involvement of matrix metalloproteinases. Exp Mol Pathol. United States: 2012 Elsevier Inc.
NGUYEN, J. T., MYERS, N., PALAIA, J., GEORGOPOULOS, A., RUBINS, J. B., JANOFF, E. N., DAMOISEAUX, J., RIJKERS, G. & TERVAERT, J. W. 2007. Humoral responses to oxidized low-density lipoprotein and related bacterial antigens after pneumococcal vaccine Transl Res. 2007 Sep;150(3):172-9.
NICHOL, K. L., WUORENMA, J. & VON STERNBERG, T. 1998. Benefits of influenza vaccination for low-, intermediate-, and high-risk senior citizens. Arch Intern Med, 158, 1769-76.
[bookmark: _GoBack]NICHOLLS, A. C. & THOMAS, M. 1977. Coxsackie virus infection in acute myocardial infarction. Lancet. England.
NICOLAOU, G., GOODALL, A. H. & ERRIDGE, C. 2011. Diverse Bacteria Promote Macrophage Foam Cell Formation Via Toll-Like Receptor-Dependent Lipid Body Biosynthesis. J Atheroscler Thromb.
NIKKARI, S. T., O'BRIEN, K. D., FERGUSON, M., HATSUKAMI, T., WELGUS, H. G., ALPERS, C. E. & CLOWES, A. W. 1995. Interstitial collagenase (MMP-1) expression in human carotid atherosclerosis. Circulation, 92, 1393-8.
NISHIDA, H., HORIO, T., SUZUKI, Y., IWASHIMA, Y., TOKUDOME, T., YOSHIHARA, F., NAKAMURA, S. & KAWANO, Y. 2011. Interleukin-6 as an independent predictor of future cardiovascular events in high-risk Japanese patients: comparison with C-reactive protein. Cytokine, 53, 342-6.
NUERMBERGER, E. 2005. Murine models of pneumococcal pneumonia and their applicability to the study of tissue-directed antimicrobials. Pharmacotherapy, 25, 134s-139s.
NUNES, S., SA-LEAO, R., CARRICO, J., ALVES, C. R., MATO, R., AVO, A. B., SALDANHA, J., ALMEIDA, J. S., SANCHES, I. S. & DE LENCASTRE, H. 2005. Trends in drug resistance, serotypes, and molecular types of Streptococcus pneumoniae colonizing preschool-age children attending day care centers in Lisbon, Portugal: a summary of 4 years of annual surveillance. J Clin Microbiol, 43, 1285-93.
NUNNARI, J. J., ZAND, T., JORIS, I. & MAJNO, G. 1989. Quantitation of oil red O staining of the aorta in hypercholesterolemic rats. Exp Mol Pathol, 51, 1-8.
O'MEARA, E. S., WHITE, M., SISCOVICK, D. S., LYLES, M. F. & KULLER, L. H. 2005. Hospitalization for pneumonia in the Cardiovascular Health Study: incidence, mortality, and influence on longer-term survival. J Am Geriatr Soc, 53, 1108-16.
OHAYON, J., TEPPAZ, P., FINET, G. & RIOUFOL, G. 2001. In-vivo prediction of human coronary plaque rupture location using intravascular ultrasound and the finite element method. Coron Artery Dis, 12, 655-63.
OSTERUD, B. & FLAEGSTAD, T. 1983. Increased tissue thromboplastin activity in monocytes of patients with meningococcal infection: related to an unfavourable prognosis. Thromb Haemost, 49, 5-7.
OTT, S. J., EL MOKHTARI, N. E., MUSFELDT, M., HELLMIG, S., FREITAG, S., REHMAN, A., KUHBACHER, T., NIKOLAUS, S., NAMSOLLECK, P., BLAUT, M., HAMPE, J., SAHLY, H., REINECKE, A., HAAKE, N., GUNTHER, R., KRUGER, D., LINS, M., HERRMANN, G., FOLSCH, U. R., SIMON, R. & SCHREIBER, S. 2006. Detection of diverse bacterial signatures in atherosclerotic lesions of patients with coronary heart disease. Circulation, 113, 929-37.
PAIGEN, B., MORROW, A., BRANDON, C., MITCHELL, D. & HOLMES, P. 1985. Variation in susceptibility to atherosclerosis among inbred strains of mice. Atherosclerosis, 57, 65-73.
PATERSON, G. K. & ORIHUELA, C. J. 2010. Pneumococci: immunology of the innate host response. Respirology, 15, 1057-63.
PAUL, A., YECHOOR, V., RAJA, R., LI, L. & CHAN, L. 2008. Microarray gene profiling of laser-captured cells: a new tool to study atherosclerosis in mice. Atherosclerosis, 200, 257-63.
PERRY, T. W., PUGH, M. J., WATERER, G. W., NAKASHIMA, B., ORIHUELA, C. J., COPELAND, L. A., RESTREPO, M. I., ANZUETO, A. & MORTENSEN, E. M. 2011. Incidence of cardiovascular events after hospital admission for pneumonia. Am J Med. United States: Published by Elsevier Inc.
PESONEN, E., ANDSBERG, E., GRUBB, A., RAUTELIN, H., MERI, S., PERSSON, K., PUOLAKKAINEN, M., SARNA, S. & OHLIN, H. 2008. Elevated infection parameters and infection symptoms predict an acute coronary event. Ther Adv Cardiovasc Dis. England.
PHROMMINTIKUL, A., KUANPRASERT, S., WONGCHAROEN, W., KANJANAVANIT, R., CHAIWARITH, R. & SUKONTHASARN, A. 2011. Influenza vaccination reduces cardiovascular events in patients with acute coronary syndrome. Eur Heart J. England.
PIEDRAHITA, J. A., ZHANG, S. H., HAGAMAN, J. R., OLIVER, P. M. & MAEDA, N. 1992. Generation of mice carrying a mutant apolipoprotein E gene inactivated by gene targeting in embryonic stem cells. Proc Natl Acad Sci U S A, 89, 4471-5.
PINILLA-VERA, M., XIONG, Z., ZHAO, Y., ZHAO, J., DONAHOE, M. P., BARGE, S., HORNE, W. T., KOLLS, J. K., MCVERRY, B. J., BIRUKOVA, A., TIGHE, R. M., FOSTER, W. M., HOLLINGSWORTH, J., RAY, A., MALLAMPALLI, R., RAY, P. & LEE, J. S. 2016. Full Spectrum of LPS Activation in Alveolar Macrophages of Healthy Volunteers by Whole Transcriptomic Profiling. PLoS One, 11, e0159329.
PLUDDEMANN, A., NEYEN, C. & GORDON, S. 2007. Macrophage scavenger receptors and host-derived ligands. Methods. United States.
PLUMLEE, C. R., LEE, C., BEG, A. A., DECKER, T., SHUMAN, H. A. & SCHINDLER, C. 2009. Interferons direct an effective innate response to Legionella pneumophila infection. J Biol Chem, 284, 30058-66.
PONKA, A., JALANKO, H., PONKA, T. & STENVIK, M. 1981. Viral and mycoplasmal antibodies in patients with myocardial infarction. Ann Clin Res, 13, 429-32.
PUCHTA, A., NAIDOO, A., VERSCHOOR, C. P., LOUKOV, D., THEVARANJAN, N., MANDUR, T. S., NGUYEN, P. S., JORDANA, M., LOEB, M., XING, Z., KOBZIK, L., LARCHE, M. J. & BOWDISH, D. M. 2016. TNF Drives Monocyte Dysfunction with Age and Results in Impaired Anti-pneumococcal Immunity. PLoS Pathog, 12, e1005368.
PUREN, A. J., FELDMAN, C., SAVAGE, N., BECKER, P. J. & SMITH, C. 1995. Patterns of cytokine expression in community-acquired pneumonia. Chest, 107, 1342-9.
QUILLARD, T., ARAUJO, H. A., FRANCK, G., SHVARTZ, E., SUKHOVA, G. & LIBBY, P. 2015. TLR2 and neutrophils potentiate endothelial stress, apoptosis and detachment: implications for superficial erosion. Eur Heart J, 36, 1394-404.
RADIN, J. N., ORIHUELA, C. J., MURTI, G., GUGLIELMO, C., MURRAY, P. J. & TUOMANEN, E. I. 2005. beta-Arrestin 1 participates in platelet-activating factor receptor-mediated endocytosis of Streptococcus pneumoniae. Infect Immun, 73, 7827-35.
RAJAVASHISTH, T. B., XU, X. P., JOVINGE, S., MEISEL, S., XU, X. O., CHAI, N. N., FISHBEIN, M. C., KAUL, S., CERCEK, B., SHARIFI, B. & SHAH, P. K. 1999. Membrane type 1 matrix metalloproteinase expression in human atherosclerotic plaques: evidence for activation by proinflammatory mediators. Circulation, 99, 3103-9.
RAMIREZ, J., ALIBERTI, S., MIRSAEIDI, M., PEYRANI, P., FILARDO, G., AMIR, A., MOFFETT, B., GORDON, J., BLASI, F. & BORDON, J. 2008. Acute myocardial infarction in hospitalized patients with community-acquired pneumonia. Clin Infect Dis, 47, 182-7.
RANDOLPH, G. J. 2013. Proliferating macrophages prevail in atherosclerosis. Nat Med. United States.
RAYNER, K. J., SHEEDY, F. J., ESAU, C. C., HUSSAIN, F. N., TEMEL, R. E., PARATHATH, S., VAN GILS, J. M., RAYNER, A. J., CHANG, A. N., SUAREZ, Y., FERNANDEZ-HERNANDO, C., FISHER, E. A. & MOORE, K. J. 2011. Antagonism of miR-33 in mice promotes reverse cholesterol transport and regression of atherosclerosis. J Clin Invest, 121, 2921-31.
RAZANI, B., FENG, C., COLEMAN, T., EMANUEL, R., WEN, H., HWANG, S., TING, J. P., VIRGIN, H. W., KASTAN, M. B. & SEMENKOVICH, C. F. 2012. Autophagy links inflammasomes to atherosclerotic progression. Cell Metab, 15, 534-44.
REGEV-YOCHAY, G., RAZ, M., DAGAN, R., PORAT, N., SHAINBERG, B., PINCO, E., KELLER, N. & RUBINSTEIN, E. 2004. Nasopharyngeal carriage of Streptococcus pneumoniae by adults and children in community and family settings. Clin Infect Dis, 38, 632-9.
REKHTER, M. D. & GORDON, D. 1995. Active proliferation of different cell types, including lymphocytes, in human atherosclerotic plaques. Am J Pathol, 147, 668-77.
RELLO, J., LUJAN, M., GALLEGO, M., VALLES, J., BELMONTE, Y., FONTANALS, D., DIAZ, E. & LISBOA, T. 2010. Why mortality is increased in health-care-associated pneumonia: lessons from pneumococcal bacteremic pneumonia. Chest, 137, 1138-44.
REN, S., NEWBY, D., LI, S. C., WALKOM, E., MILLER, P., HURE, A. & ATTIA, J. 2015. Effect of the adult pneumococcal polysaccharide vaccine on cardiovascular disease: a systematic review and meta-analysis. Open Heart, 2, e000247.
RENKO, J., LEPP, P. W., OKSALA, N., NIKKARI, S. & NIKKARI, S. T. 2008. Bacterial signatures in atherosclerotic lesions represent human commensals and pathogens. Atherosclerosis, 201, 192-7.
RENSEN, P. C., OOSTEN, M., BILT, E., ECK, M., KUIPER, J. & BERKEL, T. J. 1997. Human recombinant apolipoprotein E redirects lipopolysaccharide from Kupffer cells to liver parenchymal cells in rats In vivo. J Clin Invest, 99, 2438-45.
RIDKER, P. M., BURING, J. E., COOK, N. R. & RIFAI, N. 2003. C-reactive protein, the metabolic syndrome, and risk of incident cardiovascular events: an 8-year follow-up of 14 719 initially healthy American women. Circulation, 107, 391-7.
RIDKER, P. M., BURING, J. E., SHIH, J., MATIAS, M. & HENNEKENS, C. H. 1998. Prospective study of C-reactive protein and the risk of future cardiovascular events among apparently healthy women. Circulation, 98, 731-3.
RIDKER, P. M., DANIELSON, E., FONSECA, F. A., GENEST, J., GOTTO, A. M., JR., KASTELEIN, J. J., KOENIG, W., LIBBY, P., LORENZATTI, A. J., MACFADYEN, J. G., NORDESTGAARD, B. G., SHEPHERD, J., WILLERSON, J. T., GLYNN, R. J. & GROUP, J. S. 2008. Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. N Engl J Med, 359, 2195-207.
RIDKER, P. M., RIFAI, N., PFEFFER, M. A., SACKS, F. & BRAUNWALD, E. 1999. Long-term effects of pravastatin on plasma concentration of C-reactive protein. The Cholesterol and Recurrent Events (CARE) Investigators. Circulation, 100, 230-5.
RIJNEVELD, A. W., WEIJER, S., BRESSER, P., FLORQUIN, S., VLASUK, G. P., ROTE, W. E., SPEK, C. A., REITSMA, P. H., VAN DER ZEE, J. S., LEVI, M. & VAN DER POLL, T. 2006. Local activation of the tissue factor-factor VIIa pathway in patients with pneumonia and the effect of inhibition of this pathway in murine pneumococcal pneumonia. Crit Care Med, 34, 1725-30.
RIOUFOL, G., FINET, G., GINON, I., ANDRE-FOUET, X., ROSSI, R., VIALLE, E., DESJOYAUX, E., CONVERT, G., HURET, J. F. & TABIB, A. 2002. Multiple atherosclerotic plaque rupture in acute coronary syndrome: a three-vessel intravascular ultrasound study. Circulation, 106, 804-8.
RITCHIE, M. E., PHIPSON, B., WU, D., HU, Y., LAW, C. W., SHI, W. & SMYTH, G. K. 2015. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res, 43, e47.
ROBBINS, C. S., CHUDNOVSKIY, A., RAUCH, P. J., FIGUEIREDO, J. L., IWAMOTO, Y., GORBATOV, R., ETZRODT, M., WEBER, G. F., UENO, T., VAN ROOIJEN, N., MULLIGAN-KEHOE, M. J., LIBBY, P., NAHRENDORF, M., PITTET, M. J., WEISSLEDER, R. & SWIRSKI, F. K. 2012. Extramedullary hematopoiesis generates Ly-6C(high) monocytes that infiltrate atherosclerotic lesions. Circulation, 125, 364-74.
ROBBINS, C. S., HILGENDORF, I., WEBER, G. F., THEURL, I., IWAMOTO, Y., FIGUEIREDO, J. L., GORBATOV, R., SUKHOVA, G. K., GERHARDT, L. M., SMYTH, D., ZAVITZ, C. C., SHIKATANI, E. A., PARSONS, M., VAN ROOIJEN, N., LIN, H. Y., HUSAIN, M., LIBBY, P., NAHRENDORF, M., WEISSLEDER, R. & SWIRSKI, F. K. 2013. Local proliferation dominates lesional macrophage accumulation in atherosclerosis. Nat Med, 19, 1166-72.
RODGERS, G. L., ARGUEDAS, A., COHEN, R. & DAGAN, R. 2009. Global serotype distribution among Streptococcus pneumoniae isolates causing otitis media in children: potential implications for pneumococcal conjugate vaccines. Vaccine, 27, 3802-10.
ROIFMAN, I., BECK, P. L., ANDERSON, T. J., EISENBERG, M. J. & GENEST, J. 2011. Chronic inflammatory diseases and cardiovascular risk: a systematic review. Can J Cardiol, 27, 174-82.
RONDINA, M. T., BREWSTER, B., GRISSOM, C. K., ZIMMERMAN, G. A., KASTENDIECK, D. H., HARRIS, E. S. & WEYRICH, A. S. 2012. In Vivo Platelet Activation in Critically-Ill Patients with Primary H1N1 Influenza. Chest.
ROSCH, J. W., BOYD, A. R., HINOJOSA, E., PESTINA, T., HU, Y., PERSONS, D. A., ORIHUELA, C. J. & TUOMANEN, E. I. 2010. Statins protect against fulminant pneumococcal infection and cytolysin toxicity in a mouse model of sickle cell disease. J Clin Invest, 120, 627-35.
ROSELAAR, S. E. & DAUGHERTY, A. 1998. Apolipoprotein E-deficient mice have impaired innate immune responses to Listeria monocytogenes in vivo. J Lipid Res, 39, 1740-3.
ROSS, R. 1999. Atherosclerosis--an inflammatory disease. N Engl J Med, 340, 115-26.
ROTHSTEIN, N. M., QUINN, T. C., MADICO, G., GAYDOS, C. A. & LOWENSTEIN, C. J. 2001. Effect of azithromycin on murine arteriosclerosis exacerbated by Chlamydia pneumoniae. J Infect Dis, 183, 232-238.
RUBINS, J. B., CHARBONEAU, D., PATON, J. C., MITCHELL, T. J., ANDREW, P. W. & JANOFF, E. N. 1995. Dual function of pneumolysin in the early pathogenesis of murine pneumococcal pneumonia. J Clin Invest, 95, 142-50.
SAID, M. A., JOHNSON, H. L., NONYANE, B. A., DELORIA-KNOLL, M., O'BRIEN, K. L., ANDREO, F., BEOVIC, B., BLANCO, S., BOERSMA, W. G., BOULWARE, D. R., BUTLER, J. C., CARRATALA, J., CHANG, F. Y., CHARLES, P. G., DIAZ, A. A., DOMINGUEZ, J., EHARA, N., ENDEMAN, H., FALCO, V., FALGUERA, M., FUKUSHIMA, K., GARCIA-VIDAL, C., GENNE, D., GUCHEV, I. A., GUTIERREZ, F., HERNES, S. S., HOEPELMAN, A. I., HOHENTHAL, U., JOHANSSON, N., KOLEK, V., KOZLOV, R. S., LAUDERDALE, T. L., MAREKOVIC, I., MASIA, M., MATTA, M. A., MIRO, O., MURDOCH, D. R., NUERMBERGER, E., PAOLINI, R., PERELLO, R., SNIJDERS, D., PLECKO, V., SORDE, R., STRALIN, K., VAN DER EERDEN, M. M., VILA-CORCOLES, A. & WATT, J. P. 2013. Estimating the burden of pneumococcal pneumonia among adults: a systematic review and meta-analysis of diagnostic techniques. PLoS One, 8, e60273.
SANDGREN, A., ALBIGER, B., ORIHUELA, C. J., TUOMANEN, E., NORMARK, S. & HENRIQUES-NORMARK, B. 2005. Virulence in mice of pneumococcal clonal types with known invasive disease potential in humans. J Infect Dis, 192, 791-800.
SANDGREN, A., SJOSTROM, K., OLSSON-LILJEQUIST, B., CHRISTENSSON, B., SAMUELSSON, A., KRONVALL, G. & HENRIQUES NORMARK, B. 2004. Effect of clonal and serotype-specific properties on the invasive capacity of Streptococcus pneumoniae. J Infect Dis, 189, 785-96.
SANDOVAL, Y., SMITH, S. W., THORDSEN, S. E. & APPLE, F. S. 2014. Supply/demand type 2 myocardial infarction: should we be paying more attention? J Am Coll Cardiol, 63, 2079-87.
SCANLON, P. J., FAXON, D. P., AUDET, A. M., CARABELLO, B., DEHMER, G. J., EAGLE, K. A., LEGAKO, R. D., LEON, D. F., MURRAY, J. A., NISSEN, S. E., PEPINE, C. J., WATSON, R. M., RITCHIE, J. L., GIBBONS, R. J., CHEITLIN, M. D., GARDNER, T. J., GARSON, A., JR., RUSSELL, R. O., JR., RYAN, T. J. & SMITH, S. C., JR. 1999. ACC/AHA guidelines for coronary angiography. A report of the American College of Cardiology/American Heart Association Task Force on practice guidelines (Committee on Coronary Angiography). Developed in collaboration with the Society for Cardiac Angiography and Interventions. J Am Coll Cardiol, 33, 1756-824.
SCHAAR, J. A., MULLER, J. E., FALK, E., VIRMANI, R., FUSTER, V., SERRUYS, P. W., COLOMBO, A., STEFANADIS, C., WARD CASSCELLS, S., MORENO, P. R., MASERI, A. & VAN DER STEEN, A. F. 2004. Terminology for high-risk and vulnerable coronary artery plaques. Report of a meeting on the vulnerable plaque, June 17 and 18, 2003, Santorini, Greece. Eur Heart J, 25, 1077-82.
SCHIERWAGEN, R., MAYBUCHEN, L., ZIMMER, S., HITTATIYA, K., BACK, C., KLEIN, S., USCHNER, F. E., REUL, W., BOOR, P., NICKENIG, G., STRASSBURG, C. P., TRAUTWEIN, C., PLAT, J., LUTJOHANN, D., SAUERBRUCH, T., TACKE, F. & TREBICKA, J. 2015. Seven weeks of Western diet in apolipoprotein-E-deficient mice induce metabolic syndrome and non-alcoholic steatohepatitis with liver fibrosis. Sci Rep, 5, 12931.
SCHLETT, C. L., PURSNANI, A., MARCUS, R. P., TRUONG, Q. A. & HOFFMANN, U. 2014. The use of coronary CT angiography for the evaluation of chest pain. Cardiol Rev, 22, 117-27.
SCHMIDT, M. & FINLEY, D. 2014. Regulation of proteasome activity in health and disease. Biochim Biophys Acta., 1843, 13-25. doi: 10.1016/j.bbamcr.2013.08.012. Epub 2013 Aug 27.
SCHOUTEN, M., WIERSINGA, W. J., LEVI, M. & VAN DER POLL, T. 2008. Inflammation, endothelium, and coagulation in sepsis. J Leukoc Biol, 83, 536-45.
SCHRIJVERS, D. M., DE MEYER, G. R., KOCKX, M. M., HERMAN, A. G. & MARTINET, W. 2005. Phagocytosis of apoptotic cells by macrophages is impaired in atherosclerosis. Arterioscler Thromb Vasc Biol. United States.
SCHULTE, S., SUKHOVA, G. K. & LIBBY, P. 2008. Genetically programmed biases in Th1 and Th2 immune responses modulate atherogenesis. Am J Pathol, 172, 1500-8.
SERBINA, N. V. & PAMER, E. G. 2006. Monocyte emigration from bone marrow during bacterial infection requires signals mediated by chemokine receptor CCR2. Nat Immunol, 7, 311-7.
SERBINA, N. V., SHI, C. & PAMER, E. G. 2012. Monocyte-mediated immune defense against murine Listeria monocytogenes infection. Adv Immunol, 113, 119-34.
SHALHOUB, J., FALCK-HANSEN, M. A., DAVIES, A. H. & MONACO, C. 2011. Innate immunity and monocyte-macrophage activation in atherosclerosis. J Inflamm (Lond), 8, 9.
SHARMA, N., LU, Y., ZHOU, G., LIAO, X., KAPIL, P., ANAND, P., MAHABELESHWAR, G. H., STAMLER, J. S. & JAIN, M. K. 2012. Myeloid Kruppel-like factor 4 deficiency augments atherogenesis in ApoE-/- mice--brief report. Arterioscler Thromb Vasc Biol, 32, 2836-8.
SHAW, A. C., GOLDSTEIN, D. R. & MONTGOMERY, R. R. 2013. Age-dependent dysregulation of innate immunity. Nat Rev Immunol, 13, 875-87.
SHEEDY, F. J., GREBE, A., RAYNER, K. J., KALANTARI, P., RAMKHELAWON, B., CARPENTER, S. B., BECKER, C. E., EDIRIWEERA, H. N., MULLICK, A. E., GOLENBOCK, D. T., STUART, L. M., LATZ, E., FITZGERALD, K. A. & MOORE, K. J. 2013. CD36 coordinates NLRP3 inflammasome activation by facilitating intracellular nucleation of soluble ligands into particulate ligands in sterile inflammation. Nat Immunol, 14, 812-20.
SHENG, Z. M., CHERTOW, D. S., AMBROGGIO, X., MCCALL, S., PRZYGODZKI, R. M., CUNNINGHAM, R. E., MAXIMOVA, O. A., KASH, J. C., MORENS, D. M. & TAUBENBERGER, J. K. 2011. Autopsy series of 68 cases dying before and during the 1918 influenza pandemic peak. Proc Natl Acad Sci U S A, 108, 16416-21.
SHI, C., JIA, T., MENDEZ-FERRER, S., HOHL, T. M., SERBINA, N. V., LIPUMA, L., LEINER, I., LI, M. O., FRENETTE, P. S. & PAMER, E. G. 2011. Bone marrow mesenchymal stem and progenitor cells induce monocyte emigration in response to circulating toll-like receptor ligands. Immunity, 34, 590-601.
SHI, C. & PAMER, E. G. 2011. Monocyte recruitment during infection and inflammation. Nat Rev Immunol, 11, 762-74.
SHORR, A. F., BERNARD, G. R., DHAINAUT, J. F., RUSSELL, J. R., MACIAS, W. L., NELSON, D. R. & SUNDIN, D. P. 2006. Protein C concentrations in severe sepsis: an early directional change in plasma levels predicts outcome. Crit Care, 10, R92.
SINGANAYAGAM, A., ELDER, D. H. & CHALMERS, J. D. 2012. Is community-acquired pneumonia an independent risk factor for cardiovascular disease? Eur Respir J, 39, 187-96.
SINGH, R., KAUSHIK, S., WANG, Y., XIANG, Y., NOVAK, I., KOMATSU, M., TANAKA, K., CUERVO, A. M. & CZAJA, M. J. 2009. Autophagy regulates lipid metabolism. Nature, 458, 1131-5.
SIRIWARDENA, A. N., GWINI, S. M. & COUPLAND, C. A. 2010. Influenza vaccination, pneumococcal vaccination and risk of acute myocardial infarction: matched case-control study. CMAJ, 182, 1617-23.
SJOSTROM, K., SPINDLER, C., ORTQVIST, A., KALIN, M., SANDGREN, A., KUHLMANN-BERENZON, S. & HENRIQUES-NORMARK, B. 2006. Clonal and capsular types decide whether pneumococci will act as a primary or opportunistic pathogen. Clin Infect Dis, 42, 451-9.
SMEETH, L., THOMAS, S. L., HALL, A. J., HUBBARD, R., FARRINGTON, P. & VALLANCE, P. 2004. Risk of myocardial infarction and stroke after acute infection or vaccination. N Engl J Med, 351, 2611-8.
SOEHNLEIN, O., DRECHSLER, M., DORING, Y., LIEVENS, D., HARTWIG, H., KEMMERICH, K., ORTEGA-GOMEZ, A., MANDL, M., VIJAYAN, S., PROJAHN, D., GARLICHS, C. D., KOENEN, R. R., HRISTOV, M., LUTGENS, E., ZERNECKE, A. & WEBER, C. 2013. Distinct functions of chemokine receptor axes in the atherogenic mobilization and recruitment of classical monocytes. EMBO Mol Med, 5, 471-81.
SOLEIMANPOUR, H., SAFARI, S., RAHMANI, F., JAFARI ROUHI, A. & ALAVIAN, S. M. 2015. Intravenous hypnotic regimens in patients with liver disease; a review article. Anesth Pain Med, 5, e23923.
SONG, Z., BRASSARD, P. & BROPHY, J. M. 2008. A meta-analysis of antibiotic use for the secondary prevention of cardiovascular diseases. Can J Cardiol, 24, 391-5.
STARY, H. C., CHANDLER, A. B., DINSMORE, R. E., FUSTER, V., GLAGOV, S., INSULL, W., JR., ROSENFELD, M. E., SCHWARTZ, C. J., WAGNER, W. D. & WISSLER, R. W. 1995. A definition of advanced types of atherosclerotic lesions and a histological classification of atherosclerosis. A report from the Committee on Vascular Lesions of the Council on Arteriosclerosis, American Heart Association. Circulation, 92, 1355-74.
STEGEMANN, C., DROZDOV, I., SHALHOUB, J., HUMPHRIES, J., LADROUE, C., DIDANGELOS, A., BAUMERT, M., ALLEN, M., DAVIES, A. H., MONACO, C., SMITH, A., XU, Q. & MAYR, M. 2011. Comparative lipidomics profiling of human atherosclerotic plaques. Circ Cardiovasc Genet. United States.
STEINHOFF, M. C. 2007. Animal models for protein pneumococcal vaccine evaluation: a summary. Vaccine, 25, 2465-70.
STEWART, C. R., STUART, L. M., WILKINSON, K., VAN GILS, J. M., DENG, J., HALLE, A., RAYNER, K. J., BOYER, L., ZHONG, R., FRAZIER, W. A., LACY-HULBERT, A., EL KHOURY, J., GOLENBOCK, D. T. & MOORE, K. J. 2010. CD36 ligands promote sterile inflammation through assembly of a Toll-like receptor 4 and 6 heterodimer. Nat Immunol, 11, 155-61.
STOHR, R., MAVILIO, M., MARINO, A., CASAGRANDE, V., KAPPEL, B., MOLLMANN, J., MENGHINI, R., MELINO, G. & FEDERICI, M. 2015. ITCH modulates SIRT6 and SREBP2 to influence lipid metabolism and atherosclerosis in ApoE null mice. Sci Rep, 5, 9023.
STONE, G. W., MAEHARA, A., LANSKY, A. J., DE BRUYNE, B., CRISTEA, E., MINTZ, G. S., MEHRAN, R., MCPHERSON, J., FARHAT, N., MARSO, S. P., PARISE, H., TEMPLIN, B., WHITE, R., ZHANG, Z. & SERRUYS, P. W. 2011. A prospective natural-history study of coronary atherosclerosis. N Engl J Med, 364, 226-35.
STOUT, R. D. & SUTTLES, J. 2004. Functional plasticity of macrophages: reversible adaptation to changing microenvironments. J Leukoc Biol, 76, 509-13.
STROHACKER, K., BRESLIN, W. L., CARPENTER, K. C. & MCFARLIN, B. K. 2012. Aged mice have increased inflammatory monocyte concentration and altered expression of cell-surface functional receptors. J Biosci, 37, 55-62.
STUDY, G. B. O. D. 2015. Global, regional, and national age-sex specific all-cause and cause-specific mortality for 240 causes of death, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet, 385, 117-71.
SUMI, T., YAMASHITA, A., MATSUDA, S., GOTO, S., NISHIHIRA, K., FURUKOJI, E., SUGIMURA, H., KAWAHARA, H., IMAMURA, T., KITAMURA, K., TAMURA, S. & ASADA, Y. 2010. Disturbed blood flow induces erosive injury to smooth muscle cell-rich neointima and promotes thrombus formation in rabbit femoral arteries. J Thromb Haemost, 8, 1394-402.
SUTHERS, B., HANSBRO, P., THAMBAR, S., MCEVOY, M., PEEL, R. & ATTIA, J. 2012. Pneumococcal vaccination may induce anti-oxidized low-density lipoprotein antibodies that have potentially protective effects against cardiovascular disease. Vaccine, 30, 3983-5.
SWIRSKI, F. K., LIBBY, P., AIKAWA, E., ALCAIDE, P., LUSCINSKAS, F. W., WEISSLEDER, R. & PITTET, M. J. 2007. Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis and give rise to macrophages in atheromata. J Clin Invest, 117, 195-205.
SWIRSKI, F. K., NAHRENDORF, M., ETZRODT, M., WILDGRUBER, M., CORTEZ-RETAMOZO, V., PANIZZI, P., FIGUEIREDO, J. L., KOHLER, R. H., CHUDNOVSKIY, A., WATERMAN, P., AIKAWA, E., MEMPEL, T. R., LIBBY, P., WEISSLEDER, R. & PITTET, M. J. 2009. Identification of splenic reservoir monocytes and their deployment to inflammatory sites. Science, 325, 612-6.
TABAS, I. 2002. Consequences of cellular cholesterol accumulation: basic concepts and physiological implications. J Clin Invest, 110, 905-11.
TABAS, I. 2009. Macrophage apoptosis in atherosclerosis: consequences on plaque progression and the role of endoplasmic reticulum stress. Antioxid Redox Signal, 11, 2333-9.
TABAS, I. 2010. Macrophage death and defective inflammation resolution in atherosclerosis. Nat Rev Immunol, 10, 36-46.
TACKE, F., ALVAREZ, D., KAPLAN, T. J., JAKUBZICK, C., SPANBROEK, R., LLODRA, J., GARIN, A., LIU, J., MACK, M., VAN ROOIJEN, N., LIRA, S. A., HABENICHT, A. J. & RANDOLPH, G. J. 2007. Monocyte subsets differentially employ CCR2, CCR5, and CX3CR1 to accumulate within atherosclerotic plaques. J Clin Invest., 117, 185-94.
TAKARADA, S., IMANISHI, T., KUBO, T., TANIMOTO, T., KITABATA, H., NAKAMURA, N., TANAKA, A., MIZUKOSHI, M. & AKASAKA, T. 2009. Effect of statin therapy on coronary fibrous-cap thickness in patients with acute coronary syndrome: assessment by optical coherence tomography study. Atherosclerosis, 202, 491-7.
TAKEMOTO, M., SUN, J., HIROKI, J., SHIMOKAWA, H. & LIAO, J. K. 2002. Rho-kinase mediates hypoxia-induced downregulation of endothelial nitric oxide synthase. Circulation, 106, 57-62.
TALEB, S., ROMAIN, M., RAMKHELAWON, B., UYTTENHOVE, C., PASTERKAMP, G., HERBIN, O., ESPOSITO, B., PEREZ, N., YASUKAWA, H., VAN SNICK, J., YOSHIMURA, A., TEDGUI, A. & MALLAT, Z. 2009. Loss of SOCS3 expression in T cells reveals a regulatory role for interleukin-17 in atherosclerosis. J Exp Med, 206, 2067-77.
TALEB, S., TEDGUI, A. & MALLAT, Z. 2015. IL-17 and Th17 cells in atherosclerosis: subtle and contextual roles. Arterioscler Thromb Vasc Biol, 35, 258-64.
TALL, A. R., YVAN-CHARVET, L., TERASAKA, N., PAGLER, T. & WANG, N. 2008. HDL, ABC transporters, and cholesterol efflux: implications for the treatment of atherosclerosis. Cell Metab. United States.
TANAKA, K. & MATSUDA, N. 2014. Proteostasis and neurodegeneration: the roles of proteasomal degradation and autophagy. Biochim Biophys Acta, 1843, 197-204.
TATEDA, K., TAKASHIMA, K., MIYAZAKI, H., MATSUMOTO, T., HATORI, T. & YAMAGUCHI, K. 1996. Noncompromised penicillin-resistant pneumococcal pneumonia CBA/J mouse model and comparative efficacies of antibiotics in this model. Antimicrob Agents Chemother, 40, 1520-5.
TE VELDE, E. A., WAGENAAR, G. T., REIJERKERK, A., ROOSE-GIRMA, M., BOREL RINKES, I. H., VOEST, E. E., BOUMA, B. N., GEBBINK, M. F. & MEIJERS, J. C. 2003. Impaired healing of cutaneous wounds and colonic anastomoses in mice lacking thrombin-activatable fibrinolysis inhibitor. J Thromb Haemost, 1, 2087-96.
TEDGUI, A. & MALLAT, Z. 2006. Cytokines in atherosclerosis: pathogenic and regulatory pathways. Physiol Rev, 86, 515-81.
TENG, Z., HE, J., DEGNAN, A. J., CHEN, S., SADAT, U., BAHAEI, N. S., RUDD, J. H. & GILLARD, J. H. 2012. Critical mechanical conditions around neovessels in carotid atherosclerotic plaque may promote intraplaque hemorrhage. Atherosclerosis, 223, 321-6.
TENG, Z., SADAT, U., LI, Z., HUANG, X., ZHU, C., YOUNG, V. E., GRAVES, M. J. & GILLARD, J. H. 2010. Arterial luminal curvature and fibrous-cap thickness affect critical stress conditions within atherosclerotic plaque: an in vivo MRI-based 2D finite-element study. Ann Biomed Eng, 38, 3096-101.
TENGER, C. & ZHOU, X. 2003. Apolipoprotein E modulates immune activation by acting on the antigen-presenting cell. Immunology, 109, 392-7.
THOMSEN, R. W., RIIS, A., KORNUM, J. B., CHRISTENSEN, S., JOHNSEN, S. P. & SORENSEN, H. T. 2008. Preadmission use of statins and outcomes after hospitalization with pneumonia: population-based cohort study of 29,900 patients. Arch Intern Med, 168, 2081-7.
THORNTON, J. A., DURICK-EDER, K. & TUOMANEN, E. I. 2010. Pneumococcal pathogenesis: "innate invasion" yet organ-specific damage. J Mol Med (Berl), 88, 103-7.
TIMMINS, J. M., OZCAN, L., SEIMON, T. A., LI, G., MALAGELADA, C., BACKS, J., BACKS, T., BASSEL-DUBY, R., OLSON, E. N., ANDERSON, M. E. & TABAS, I. 2009. Calcium/calmodulin-dependent protein kinase II links ER stress with Fas and mitochondrial apoptosis pathways. J Clin Invest, 119, 2925-41.
TROEMAN, D. P., POSTMA, D. F., VAN WERKHOVEN, C. H. & OOSTERHEERT, J. J. 2013. The immunomodulatory effects of statins in community-acquired pneumonia: a systematic review. J Infect, 67, 93-101.
TROGAN, E., CHOUDHURY, R. P., DANSKY, H. M., RONG, J. X., BRESLOW, J. L. & FISHER, E. A. 2002. Laser capture microdissection analysis of gene expression in macrophages from atherosclerotic lesions of apolipoprotein E-deficient mice. Proc Natl Acad Sci U S A, 99, 2234-9.
TSAKIRIS, D. A., SCUDDER, L., HODIVALA-DILKE, K., HYNES, R. O. & COLLER, B. S. 1999. Hemostasis in the mouse (Mus musculus): a review. Thromb Haemost, 81, 177-88.
TSENG, H. F., SLEZAK, J. M., QUINN, V. P., SY, L. S., VAN DEN EEDEN, S. K. & JACOBSEN, S. J. 2010. Pneumococcal vaccination and risk of acute myocardial infarction and stroke in men. JAMA. United States.
TUNJUNGPUTRI, R. N., DE JONGE, M. I., DE GREEFF, A., VAN SELM, S., BUYS, H., HARDERS-WESTERVEEN, J. F., STOCKHOFE-ZURWIEDEN, N., URBANUS, R. T., DE GROOT, P. G., SMITH, H. E., VAN DER VEN, A. J. & DE MAST, Q. 2016. Invasive pneumococcal disease leads to activation and hyperreactivity of platelets. Thromb Res, 144, 123-6.
UDELL, J. A., ZAWI, R., BHATT, D. L., KESHTKAR-JAHROMI, M., GAUGHRAN, F., PHROMMINTIKUL, A., CISZEWSKI, A., VAKILI, H., HOFFMAN, E. B., FARKOUH, M. E. & CANNON, C. P. 2013. Association between influenza vaccination and cardiovascular outcomes in high-risk patients: a meta-analysis. Jama, 310, 1711-20.
USUI, F., KIMURA, H., OHSHIRO, T., TATSUMI, K., KAWASHIMA, A., NISHIYAMA, A., IWAKURA, Y., ISHIBASHI, S. & TAKAHASHI, M. 2012. Interleukin-17 deficiency reduced vascular inflammation and development of atherosclerosis in Western diet-induced apoE-deficient mice. Biochem Biophys Res Commun, 420, 72-7.
VALLANCE, P., COLLIER, J. & BHAGAT, K. 1997. Infection, inflammation, and infarction: does acute endothelial dysfunction provide a link? Lancet, 349, 1391-2.
VAN DER DONCKT, C., VAN HERCK, J. L., SCHRIJVERS, D. M., VANHOUTTE, G., VERHOYE, M., BLOCKX, I., VAN DER LINDEN, A., BAUTERS, D., LIJNEN, H. R., SLUIMER, J. C., ROTH, L., VAN HOVE, C. E., FRANSEN, P., KNAAPEN, M. W., HERVENT, A. S., DE KEULENAER, G. W., BULT, H., MARTINET, W., HERMAN, A. G. & DE MEYER, G. R. 2015. Elastin fragmentation in atherosclerotic mice leads to intraplaque neovascularization, plaque rupture, myocardial infarction, stroke, and sudden death. Eur Heart J, 36, 1049-58.
VAN DER POLL, T., LEVI, M., BULLER, H. R., VAN DEVENTER, S. J., DE BOER, J. P., HACK, C. E. & TEN CATE, J. W. 1991. Fibrinolytic response to tumor necrosis factor in healthy subjects. J Exp Med, 174, 729-32.
VAN DER POLL, T. & OPAL, S. M. 2009. Pathogenesis, treatment, and prevention of pneumococcal pneumonia. Lancet, 374, 1543-56.
VAN DER WAL, A. C., BECKER, A. E., VAN DER LOOS, C. M. & DAS, P. K. 1994. Site of intimal rupture or erosion of thrombosed coronary atherosclerotic plaques is characterized by an inflammatory process irrespective of the dominant plaque morphology. Circulation, 89, 36-44.
VAN DER WESTHUYZEN, D. R., GEVERS, W. & COETZEE, G. A. 1980. Cathepsin-D-dependent initiation of the hydrolysis by lysosomal enzymes of apoprotein B from low-density lipoproteins. Eur J Biochem, 112, 153-60.
VERSARI, D., HERRMANN, J., GOSSL, M., MANNHEIM, D., SATTLER, K., MEYER, F. B., LERMAN, L. O. & LERMAN, A. 2006. Dysregulation of the ubiquitin-proteasome system in human carotid atherosclerosis. Arterioscler Thromb Vasc Biol, 26, 2132-9.
VIASUS, D., GARCIA-VIDAL, C., SIMONETTI, A. F., DORCA, J., LLOPIS, F., MESTRE, M., MORANDEIRA-REGO, F. & CARRATALA, J. 2015. The effect of simvastatin on inflammatory cytokines in community-acquired pneumonia: a randomised, double-blind, placebo-controlled trial. BMJ Open, 5, e006251.
VILA-CORCOLES, A., OCHOA-GONDAR, O., RODRIGUEZ-BLANCO, T., GUTIERREZ-PEREZ, A., VILA-ROVIRA, A., GOMEZ, F., RAGA, X., DE DIEGO, C., SATUE, E. & SALSENCH, E. 2012. Clinical effectiveness of pneumococcal vaccination against acute myocardial infarction and stroke in people over 60 years: the CAPAMIS study, one-year follow-up. BMC Public Health, 12, 222.
VILCHEZ, D., SAEZ, I. & DILLIN, A. 2014. The role of protein clearance mechanisms in organismal ageing and age-related diseases. Nat Commun, 5, 5659.
VIOLI, F., CALVIERI, C., FERRO, D. & PIGNATELLI, P. 2013. Statins as antithrombotic drugs. Circulation, 127, 251-7.
VIRMANI, R., BURKE, A. P., FARB, A. & KOLODGIE, F. D. 2006. Pathology of the vulnerable plaque. J Am Coll Cardiol, 47, C13-8.
VIRMANI, R., KOLODGIE, F. D., BURKE, A. P., FARB, A. & SCHWARTZ, S. M. 2000. Lessons from sudden coronary death: a comprehensive morphological classification scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol, 20, 1262-75.
VISWESWARAIAH, A., NOVOTNY, L. A., HJEMDAHL-MONSEN, E. J., BAKALETZ, L. O. & THANAVALA, Y. 2002. Tracking the tissue distribution of marker dye following intranasal delivery in mice and chinchillas: a multifactorial analysis of parameters affecting nasal retention. Vaccine, 20, 3209-20.
VON AHLFEN, S., MISSEL, A., BENDRAT, K. & SCHLUMPBERGER, M. 2007. Determinants of RNA quality from FFPE samples. PLoS One, 2, e1261.
VONK, A. G., DE BONT, N., NETEA, M. G., DEMACKER, P. N., VAN DER MEER, J. W., STALENHOEF, A. F. & KULLBERG, B. J. 2004. Apolipoprotein-E-deficient mice exhibit an increased susceptibility to disseminated candidiasis. Med Mycol, 42, 341-8.
WALTERS, K. A., D'AGNILLO, F., SHENG, Z. M., KINDRACHUK, J., SCHWARTZMAN, L. M., KUESTNER, R. E., CHERTOW, D. S., GOLDING, B. T., TAUBENBERGER, J. K. & KASH, J. C. 2016. 1918 pandemic influenza virus and Streptococcus pneumoniae co-infection results in activation of coagulation and widespread pulmonary thrombosis in mice and humans. J Pathol, 238, 85-97.
WANG, F., LERMAN, A. & HERRMANN, J. 2015. Dysfunction of the ubiquitin-proteasome system in atherosclerotic cardiovascular disease. Am J Cardiovasc Dis, 5, 83-100.
WARD, J. R., WILSON, H. L., FRANCIS, S. E., CROSSMAN, D. C. & SABROE, I. 2009. Translational mini-review series on immunology of vascular disease: inflammation, infections and Toll-like receptors in cardiovascular disease. Clin Exp Immunol, 156, 386-94.
WARREN-GASH, C., SMEETH, L. & HAYWARD, A. C. 2009. Influenza as a trigger for acute myocardial infarction or death from cardiovascular disease: a systematic review. Lancet Infect Dis, 9, 601-10.
WATT, S., AESCH, B., LANOTTE, P., TRANQUART, F. & QUENTIN, R. 2003. Viral and bacterial DNA in carotid atherosclerotic lesions. Eur J Clin Microbiol Infect Dis, 22, 99-105.
WATT, V., CHAMBERLAIN, J., STEINER, T., FRANCIS, S. & CROSSMAN, D. 2011. TRAIL attenuates the development of atherosclerosis in apolipoprotein E deficient mice. Atherosclerosis, 215, 348-54.
WEISER, J. N., AUSTRIAN, R., SREENIVASAN, P. K. & MASURE, H. R. 1994. Phase variation in pneumococcal opacity: relationship between colonial morphology and nasopharyngeal colonization. Infect Immun, 62, 2582-9.
WELTE, T., TORRES, A. & NATHWANI, D. 2012. Clinical and economic burden of community-acquired pneumonia among adults in Europe. Thorax, 67, 71-9.
WENTZEL, J. J., CHATZIZISIS, Y. S., GIJSEN, F. J., GIANNOGLOU, G. D., FELDMAN, C. L. & STONE, P. H. 2012. Endothelial shear stress in the evolution of coronary atherosclerotic plaque and vascular remodelling: current understanding and remaining questions. Cardiovasc Res, 96, 234-43.
WINNING, J., REICHEL, J., EISENHUT, Y., HAMACHER, J., KOHL, M., DEIGNER, H. P., CLAUS, R. A., BAUER, M. & LOSCHE, W. 2009. Anti-platelet drugs and outcome in severe infection: clinical impact and underlying mechanisms. Platelets, 20, 50-7.
WISE, A., SCHATOFF, E., FLORES, J., HUA, S. Y., UEDA, A., WU, C. F. & VENKATESH, T. 2013. Drosophila-Cdh1 (Rap/Fzr) a regulatory subunit of APC/C is required for synaptic morphology, synaptic transmission and locomotion. Int J Dev Neurosci, 31, 624-33.
WOOLLARD, K. J. & GEISSMANN, F. 2010. Monocytes in atherosclerosis: subsets and functions. Nat Rev Cardiol, 7, 77-86.
XU, X. P., MEISEL, S. R., ONG, J. M., KAUL, S., CERCEK, B., RAJAVASHISTH, T. B., SHARIFI, B. & SHAH, P. K. 1999. Oxidized low-density lipoprotein regulates matrix metalloproteinase-9 and its tissue inhibitor in human monocyte-derived macrophages. Circulation, 99, 993-8.
YENDE, S., D'ANGELO, G., KELLUM, J. A., WEISSFELD, L., FINE, J., WELCH, R. D., KONG, L., CARTER, M., ANGUS, D. C. & GEN, I. M. S. I. 2008. Inflammatory markers at hospital discharge predict subsequent mortality after pneumonia and sepsis. Am J Respir Crit Care Med, 177, 1242-7.
YENDE, S., D'ANGELO, G., MAYR, F., KELLUM, J. A., WEISSFELD, L., KAYNAR, A. M., YOUNG, T., IRANI, K. & ANGUS, D. C. 2011a. Elevated hemostasis markers after pneumonia increases one-year risk of all-cause and cardiovascular deaths. PLoS One, 6, e22847.
YENDE, S., MILBRANDT, E. B., KELLUM, J. A., KONG, L., DELUDE, R. L., WEISSFELD, L. A. & ANGUS, D. C. 2011b. Understanding the potential role of statins in pneumonia and sepsis. Crit Care Med, 39, 1871-8.
YLA-HERTTUALA, S., BENTZON, J. F., DAEMEN, M., FALK, E., GARCIA-GARCIA, H. M., HERRMANN, J., HOEFER, I., JUKEMA, J. W., KRAMS, R., KWAK, B. R., MARX, N., NARUSZEWICZ, M., NEWBY, A., PASTERKAMP, G., SERRUYS, P. W., WALTENBERGER, J., WEBER, C. & TOKGOZOGLU, L. 2011. Stabilisation of atherosclerotic plaques. Position paper of the European Society of Cardiology (ESC) Working Group on atherosclerosis and vascular biology. Thromb Haemost, 106, 1-19.
YU, G., WANG, L. G., HAN, Y. & HE, Q. Y. 2012. clusterProfiler: an R package for comparing biological themes among gene clusters. Omics, 16, 284-7.
YUSTE, J., BOTTO, M., PATON, J. C., HOLDEN, D. W. & BROWN, J. S. 2005. Additive inhibition of complement deposition by pneumolysin and PspA facilitates Streptococcus pneumoniae septicemia. J Immunol, 175, 1813-9.
YVAN-CHARVET, L., PAGLER, T., GAUTIER, E. L., AVAGYAN, S., SIRY, R. L., HAN, S., WELCH, C. L., WANG, N., RANDOLPH, G. J., SNOECK, H. W. & TALL, A. R. 2010. ATP-binding cassette transporters and HDL suppress hematopoietic stem cell proliferation. Science, 328, 1689-93.
YVAN-CHARVET, L., WELCH, C., PAGLER, T. A., RANALLETTA, M., LAMKANFI, M., HAN, S., ISHIBASHI, M., LI, R., WANG, N. & TALL, A. R. 2008. Increased inflammatory gene expression in ABC transporter-deficient macrophages: free cholesterol accumulation, increased signaling via toll-like receptors, and neutrophil infiltration of atherosclerotic lesions. Circulation, 118, 1837-47.
ZARZAVADJIAN LE BIAN, A., COSTI, R., CONSTANTINIDES, V. & SMADJA, C. 2012. Metabolic disorders, non-alcoholic fatty liver disease and major liver resection: an underestimated perioperative risk. J Gastrointest Surg, 16, 2247-55.
ZHOU, J., CHEW, M., RAVN, H. B. & FALK, E. 1999. Plaque pathology and coronary thrombosis in the pathogenesis of acute coronary syndromes. Scand J Clin Lab Invest Suppl, 230, 3-11.
ZHOU, Q. & LIAO, J. K. 2010. Pleiotropic effects of statins. - Basic research and clinical perspectives. Circ J, 74, 818-26.
ZHU, X., OWEN, J. S., WILSON, M. D., LI, H., GRIFFITHS, G. L., THOMAS, M. J., HILTBOLD, E. M., FESSLER, M. B. & PARKS, J. S. 2010. Macrophage ABCA1 reduces MyD88-dependent Toll-like receptor trafficking to lipid rafts by reduction of lipid raft cholesterol. J Lipid Res, 51, 3196-206.
ZINSZNER, H., KURODA, M., WANG, X., BATCHVAROVA, N., LIGHTFOOT, R. T., REMOTTI, H., STEVENS, J. L. & RON, D. 1998. CHOP is implicated in programmed cell death in response to impaired function of the endoplasmic reticulum. Genes Dev, 12, 982-95.







[bookmark: _Toc468033909][bookmark: _Toc468038530][bookmark: _Toc468051746]
CHAPTER 8. Appendix
[bookmark: _Toc468051747]8.1 Formalin buffered saline (10% v/v)
To make 1 litre of FBS (10% v/v):  4g sodium phosphate (NaH2 PO4), 7.1g di-sodium hydrogen orthophosphate (Na2HPO4), 100 mL formaldehyde (37% w/v), 900 mL distilled water. 

[bookmark: _Toc468051748]8.2 Histological staining protocols
[bookmark: _Toc468032896][bookmark: _Toc468038531][bookmark: _Toc468051749]8.2.1 Miller’s Elastin/Modified Van Gieson staining protocol
All stains and coverslips were purchased from VWR International Ltd, Lutterworth, UK. 
1) 	Slides dewaxed by placing in xylene for 10 minutes.
2) 	Rehydration through graded alcohols for 2 minutes each (100%, then 90%, 70% and 50% v/v ethanol), followed by rinsing in water. 
3)	Oxidise in 0.25% w/v aqueous potassium permanganate for 3 minutes, rinse in water.
4)	Bleach with 1% w/v aqueous oxalic acid for 3 minutes, rinse in water. 
5) 	Carazzi’s haematoxylin for 2 minutes to stain nuclei. 
6)	Differentiate in acid alcohol (1% v/v HCl in 70% v/v ethanol) for 5-10 seconds. 
7) 	“Blue” in hot running water for 5 minutes. 
8) 	Stain with 1% w/v Alcian Blue in 3% aqueous acetic acid for 5 minutes. 
9) 	Rinse in water, then 95% v/v ethanol.
10) 	Miller’s elastin stain for 30 minutes
11)	Rinse in 95% v/v ethanol followed by water. 
12)	Stain with Curtis’ modified van Gieson Reagent for 6 minutes. Reagent made up as follows:  10 mL 1% w/v ponceau S in 90 mL saturated aqueous picric acid with 1 mL glacial acetic acid).
13)	Rinse in water
14)	Dehydrate tissue by reversing step 1 (increasing concentrations of alcohol) ending in xylene.
15)	Mount tissue under coverslips with DPX resin. 

This protocol allows histomorphometric analysis of tissue sections by staining collagen red, smooth muscle fibres yellow, elastin fibres blue/black and acid mucopolysaccharides black. 
[bookmark: _Toc468032897][bookmark: _Toc468038532][bookmark: _Toc468051750]8.2.2 Picrosirius Red staining protocol
To make Picrosirius Red stain, 0.5g of Direct Red 80 dye (Sigma-Aldrich, UK) was added to 500 mL of Saturated aqueous solution of picric acid (1.3% in water; Sigma-Aldrich). To make acidified water, 5 ml of glacial acetic acid was added to 1l of distilled water. 

1) 		Slides dewaxed by placing in xylene for 10 minutes.
2)	Rehydration through graded alcohols for 2 minutes each (100%, then 90%, 70% and 50% v/v ethanol), followed by rinsing in water. 
3)	Stain with Picrosirius red stain for 1 hour. 
4)	Rinse in 2 changes of acidified water.
5) 	Dehydrate in 3 changes of 100% alcohol for a few seconds each wash.
6)	Place in xylene before mounting under coverslips using DPX resin. 

Using light microscopy, Picrosirius Red staining of tissue results in collagen appearing red 
on a pale yellow background.

[bookmark: _Toc468051751]8.3 Immunohistochemistry protocols
[bookmark: _Toc468051752]8.3.1 General Immunohistochemistry protocol
If required for antigen retrieval, citrate buffer (10mmol/l, pH 6.0) was made up by mixing 2.1g citric acid monohydrate with 900ml dH20. The pH was adjusted to with 2mol/l sodium hydroxide and the final volume made up to 1 litre with dH20. Sections requiring citrate buffer antigen retrieval were incubated in citrate buffer for 20 minutes at 95°C, then cooled for 20 minutes at room temperature before being rinsed in PBS. 

1)	Slides dewaxed in xylene for 10 minutes then rehydrated through graded alcohols (100%, 90%, 70% and 50% v/v ethanol  for 2 minutes each step) through to water. 
2)	Endogenous peroxidases blocked by submerging slides in 3% v/v hydrogen peroxide in PBS, rinse in water. 
3)	Antigen retrieval if required.
4)	Incubate slides with 1% w/v skimmed milk powder in PBS for 30 minutes. 
5)	Carefully blot away excess milk buffer from around tissue sections. 
6)	Incubate with primary antibody. See 7.1 for specific details relating to each primary antibody used. 
7)	Rinse in 3 changes of PBS, 5 minutes each.	
8)	Incubate sections with biotinylated secondary antibody (1:200 in PBS) for 30 minutes
	at room temperature
9)	Rinse in 3 changes of PBS, 5 minutes each. 
10) 	Apply Vectastain ABC-HRP reagent for 30 minutes at room temperature.
11)	Rinse in 3 changes of PBS, 5 minutes each. 
12) 	Apply DAB for at least 5 minutes then rinse in water.
13)	Counterstain with Carazzi’s haematoxylin for 1 minute then rinse in water.
14) 	Dehydrate through increasing concentrations of alcohol (reverse step 1) through xylene. 
15)  Mount under coverslips with DPX.






[bookmark: _Toc468072806]Table 8.14Antibodies used for immunohistochemistry
	Primary antibody
	Secondary antibody
	Antigen retrieval
	Dilution
	Incubation

	MAC-3 (rat anti- mouse; BD Biosciences 553322)
	Biotinylated anti-rat IgG (Vector Laboratories BA-9400)
	Citrate buffer
	1:500
	Overnight at 4°C

	α-smooth muscle actin (mouse monoclonal anti-human M0851, Dako)
	Biotinylated anti-mouse IgG (Vector Laboratories BA-9200)
	None
	1:150
	1 hour at RT

	Ki67 (rabbit monoclonal, Abcam, ab1667)
	Biotinylated anti-rabbit IgG (Vector Laboratories BA-1000)
	Citrate buffer
	1:200
	Overnight at 4°C



[bookmark: _Toc468051753]8.3.2 MAC-3 immunostaining of cryo-sections
Immunohistochemical staining for the macrophage marker MAC-3 was used on every 5th aortic sinus cryo-section to be used as guide slides to direct LCM of plaque macrophages on the remaining Toluidine blue stained cryo-sections. 

1)	Take slides out of -80°C freezer.
2)	Leave at room temp for 3 minutes.
3)	Fix slides in ice cold acetone (Thermo Fisher Scientific, UK) for 10 minutes.
4)	Rinse in 3 changes of PBS, 1 minute each wash.
5)	Incubate for 10 minutes with Bloxall (Vector Laboratories, UK), an endogenous peroxidase and alkaline phosphatase blocking solution.
6) 	Wash in 3 changes of PBS.
7)	Incubate in 4% v/v rabbit serum (Vector Laboratories) in PBS for 15 minutes.
8) 	Make up primary antibody, rat anti-mouse MAC-3 (BD Biosciences 550292) 1:200 dilution in 4% rabbit serum. 
9) 	Blot off excess serum from around tissue
10)	Incubate slides in primary antibody for 1 hour at room temperature.
11)	Make up Vectastain ABC-HRP kit (Vector Laboratories) approx. 45 mins into primary antibody incubation. 
12)	After primary antibody incubation is completed, rinse slides in 3 changes of PBS, 1 minute each.
13)	Make up secondary antibody, Biotinylated rabbit anti-rat IgG mouse adsorbed antibody (Vector Laboratories, BA-4001) 1:200 dilution in 4% rabbit serum.
14)	Incubate slides in secondary antibody for 15 minutes.
15) 	Rinse slides in 3 changes of PBS, 1 minute each.
16)	Incubate slides for 15 minutes in Vectastain ABC-HRP.
17)	Rinse slides in 3 changes of PBS, 1 minute each.
18)	Incubate sections in DAB, monitoring intensity of reaction under a microscope. 
19) 	Rinse sides in water, counterstain with Carazzi’s haematoxylin for 1 minute and rinse again in water
20) 	Dehydrate slides through graded alcohols (50%, 70%, 90% and 100% v/v ethanol) for 30 seconds each followed by 2 changes of xylene for 1 minute each. 
21)	Mount sections with coverslips using DPX 

[bookmark: _Toc468051754]8.3.3 Type 4 pneumococcal antiserum immunofluorescence staining protocol
Antibodies were diluted in 10% v/v normal goat serum (Vector Laboratories, UK) in PBS. 
1)	Slides dewaxed in xylene for 10 minutes then rehydrated through graded alcohols (100%, 90%, 70% and 50% v/v ethanol  for 2 minutes each step) through to water. 
2)	Citrate antigen retrieval (see 10.3.4). 
3)	Incubate slides with 1% w/v skimmed milk powder in PBS for 30 minutes. 
4)	Carefully blot away excess milk buffer from around tissue sections. 
5)	Incubate with primary rabbit anti-serotype 4 pneumococcus antiserum 16747 (1:000 dilution; Statens Serum Institute, Denmark)	for 1 hour at room temperature. 
6)	Rinse in 3 changes of PBS, 5 minutes each.	
7)	Incubate sections with fluorescent secondary antibody Alexa Fluor 568 goat anti-rabbit IgG (1:1500 dilution, Invitrogen, UK) in the dark for 1 hour at room temperature. 
8)	Rinse in 3 changes of PBS, 5 minutes each. 
9)	Mount sections with coverslips using Vectashield hard set mounting medium with DAPI (Vector Laboratories, UK) and store in the dark. 
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