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ABSTRACT
Obesity and type 2 diabetes are major factors in Covid-19 causing a progression to excessive morbidity and mortality. An important characteristic of these conditions is poor glycaemic control leading to inappropriate chemical reactions and the production of glycated proteins in which positively charged lysine and arginine residues are neutralised. We propose that this protein glycation primes the inflammatory system as the presence of aspartate and glutamate residues in any glycated zwitterionic proteins will thus increase its anionic characteristics.  As a result, these macromolecules will be recognised by the innate immune system and identified as originating from infection or cell damage (sterile inflammation). Many proteins in the body exist to non-specifically target these anionic macromolecules and rely heavily on positively charged (cationic) binding-sites to produce a relatively non-specific interaction as the first step in the body’s response. Proteins involved in this innate immunity are collectively referred to as damage associated molecular pattern molecules or pathogen associated molecular pattern molecules. A crucial player in this process is RAGE (Receptor for Advanced Glycation End products). RAGE plays a central role in the inflammatory response and on ligand binding stimulates many aspects of inflammation including the production of the key inflammatory mediator NF-κB, and the subsequent production of inflammatory cytokines. This process has the potential to show a positive feedback loop resulting in a dramatic response within the tissue. We propose that protein glycation primes the inflammatory system by generating negatively charged surfaces so that when a SARS-Cov-2 infection occurs within the lung the further release of negatively-charged macromolecules due to cell damage results in a potentially catastrophic inflammatory response resulting in the cytokine storm associated with covid-19 morbidity and mortality. That part of the population that do not suffer from inflammatory priming (Phase 1), such as the young and the non-obese, should not be subjected to the catastrophic inflammatory response seen in others (Phase 2). This hypothesis further highlights the need for improved dietary intake to minimise the inflammatory priming resulting from poor glycaemic control.





















MAIN TEXT
The hypothesis presented in this paper is that age, compounded by obesity and hyperglycaemia produces an inflammatory environment that is in part driven by increased glycation of proteins and the accumulation of these now negatively charged macromolecules within the body. These anionic macromolecules are seen by the host as a threat and are removed by innate immunity processes, whereby the receptor for advanced glycation end products (RAGE) plays a primary role in binding these negatively charged macromolecules and subsequently initiating an inflammatory response.  This response produces a state of basal inflammation within the body, particularly the lung where RAGE is constitutively highly expressed in the adult. A subsequent viral infection compounds the innate immune response and thus may tip the body into an inflammatory spiral producing a cytokine storm and possibly death. The pulmonary target of this response to SARS-Cov-2 is likely due to the enhanced presence of RAGE in lung cells in combination with the presence of the SARS-CoV-2 receptor in this tissue. 

[bookmark: _Hlk63850858]Innate immunity is the body’s first line of defence against infection and tissue damage. It is a rapid and non-specific process that targets structures not normally seen in the extra-cellular environment. The defence proteins (alarmins) that are involved in this response are referred to as damage associated molecular pattern molecules (DAMPs) or pathogen associated molecular pattern molecules (PAMPS). The term sterile inflammation is used to describe the phenomenon associated with tissue damage which induces the release of DAMPS (1). Fundamental to initiating the innate response is the presence of macromolecules or membrane surfaces rich in negative charge. Such surfaces are not normally present in the extracellular environment but are found within cells as a part of normal cell function. 
Much of innate immunity utilises blood proteins or membrane receptors that express cationic domains. These domains or patches undergo relatively non-specific electrostatic binding to the foreign structures that present anionic surfaces. The classical example of this is the blood clotting cascades that are initiated by the exposure of anionic surfaces including the presence of the anionic phospholipid, phosphatidylserine (2) on the rupture of the endothelial lining of the blood vessels. Blood proteins involved in innate immunity include the Acute Phase Proteins, the levels of which often rise dramatically with the inflammatory response to infection and tissue damage.

We have previously highlighted the role of the human acute phase protein group IIa PLA2 (3, 4). This protein is possibly unique in being highly cationic with a global distribution of surface positively charged arginine and lysine residues. This structure supports two functions of the enzyme. Firstly, an anti-bacterial role where the enzyme is targeted to the anionic cell membrane of Gram-positive bacteria and phospholipid hydrolysis assists in bacterial killing (5, 6). In this example of innate immunity, the changing of up to five positively charged amino acids to negatively charged ones on the surface of this PLA2 by site-directed mutagenesis results in a loss in the ability of the enzyme to bind to and penetrate the negatively charged bacterial cell wall (5). Secondly, a non-catalytic role is proposed in which the protein forms supramolecular aggregates with anionic phospholipid vesicles or debris. It is proposed that the aggregates are then internalised via interactions with cell surface heparan sulphate proteoglycans and micropinocytosis for disposal by macrophages (3, 4).

The presentation of anionic surfaces or patches is characteristic of other physiological and pathological events. A much-studied phenomenon is a type of protein modification which is a non-enzymatic process (the Maillard reaction) (7)  in which sugars or sugar derived metabolites are covalently attached to positively-charged protein amino (lysine) or guanidino (arginine) side chains on the surface of proteins. The phenomenon is referred to as protein glycation and is implicated with ageing and diseases associated with ageing and metabolic disorders (7, 8). As a result of such chemical events the positively charged lysine and arginine residues are normally neutralised and the protein will acquire increasingly negative surface charge due to the resulting predominance of the negatively-charged glutamic and aspartic residues also present on the surface of proteins. Thus, the protein becomes more anionic in character and gains the characteristic negative surface charge associated with bacteria and cell debris, including cell debris resulting from viral infection.  The extent of the chemical reaction involving the aldehyde (carbonyl) group of glucose and other metabolites will be a function of the concentration of such metabolites and time. Hence glycated protein will be enhanced in uncontrolled diabetes where glucose concentration is raised and will also increase with age. The poorer prognosis of diabetics who fail to regulate the blood glucose levels by insulin or diet is due to the excessive glycation of tissue proteins leading to, for example, visual, kidney and cardiovascular problems. The gold standard for glucose compliance by the patient is the measurement of glycated haemoglobin (HbAc1), a protein that is more anionic than normal haemoglobin. It has been suggested that elevated circulating glycated proteins may provide the link between obesity and the development of metabolic syndrome (9).  Our hypothesis focuses on protein glycation because of hyperglycaemia linked to age and obesity. However, other events linked to oxidative stress and protein carbonylation may also result in the formation of anionic patches on proteins. For example, lipid peroxidation and the formation of reactive lipid aldehydes because of oxidative stress can result in protein carbonylation including surface lysine modification (10).     

Such anionic glycated proteins are perceived as foreign and are normally removed using processes involving receptor proteins. The major player in this process is the Receptor for Advanced Glycation End products (RAGE) (8, 11). In the adult, the receptor is constitutively expressed in type 1 epithelial cells of the lung (12) and may also be expressed in type 2 cells (13). It is believed to be a major mediator of pulmonary inflammatory response (8, 12, 14-18). The crystal structure has shown that the interaction of glycated proteins (AGEs) with RAGE involves non-specific electrostatic interaction between anionic patches on the ligand (protein) and cationic patches on the ligand binding domain of RAGE. Such cationic patches on RAGE will also bind DNA and RNA (19, 20) as well as to lipids such as phosphatidylserine  (21) and lysophosphatidic acid (22) and bacterial lipopolysaccharide (23). RAGE will also bind other key regulatory proteins (8), particularly the nucleic acid binding HMGB1 that can be released from damaged cells and bind extracellular DNA or RNA as part of the process of innate immunity (24, 25). Due to the binding of multiple ligands to RAGE and the strong electrostatic nature of ligand RAGE multimers, it has been proposed that these receptor–ligand complexes are tightly bound and lead to sustained activation of RAGE ligand signalling (8, 11, 26).

The role of RAGE in downstream signalling leading to an inflammatory response is of considerable interest (8, 12, 14-18). The sustained activation of the NF-κB pathway leading to cytokine production is of particular importance. This response increases NF-κB in a process that produces a positive feedback loop between RAGE and NF-κB that contributes to chronic, pathological inflammation in many tissues (8, 11, 14) including the lung where RAGE is found in high abundance in the adult.  The positive feedback loop involves RAGE stimulating its own expression to produce more RAGE. Thus, in the presence of an excess of anionic ligands for RAGE, the inflammatory situation will be accelerated (8, 11).    

Glycated proteins, produced as a result of obesity and diabetes, as well as a normal consequence of ageing, provide the necessary anionic surfaces to illicit an innate immune response. Such a response raises the inflammatory sensitivity of target tissues thus priming the system. Because of the distribution of RAGE, the lung is a primary target for this inflammation. We would describe this overall process as Phase 1 of the inflammatory response that results in Covid-19 morbidity and mortality. We envisage a situation where the lung may be primed for a further and possibly catastrophic inflammatory response.

Viral infection is very well documented as a stimulant of innate immunity. Such infection will give rise to cell derived anionic macromolecules including RNA and DNA resulting from cell destruction by the virus. Viruses themselves may also contribute by providing these negatively-charged molecules (8) while it is proposed that massive amounts of cellular RNA are liberated during infections (27). Cells normally affected would be those allowing virus uptake via a cell surface receptor. In the case of SARS-CoV-2, this is primarily attributed to Angiotensin Converting Enzyme 2 (ACE2) (28), a receptor found in a number of tissues including heart, kidney and pancreas and both type 1 and type 2 alveolar cells in the lungs (29). We would suggest that RNA and DNA along with other anionic macromolecules derived from damaged cells or possibly RNA from the virus, may provide a major contribution to the innate response by interacting with RAGE either directly or by binding to HMGB1 in the first instance. We would refer to this viral stage as Phase 2 involving further stimulation of RAGE and downstream inflammatory pathways. 

Whereas the Phase 1 response to anionic glycated proteins directly involved RAGE, the Phase 2 response involving cell damage involves the release of RNA and DNA. Phosphatidylserine exposed during apoptosis (21) may also contribute to this process. These anionic molecules directly interact with HMGB1, a partner of RAGE. Therefore, a different inflammatory response might be anticipated. Indeed, such pathways have been discussed in terms of the response of the pulmonary system to HMGB1 (24, 25). Thus, the Phase 2 response may not be a simple amplification of Phase 1 but involve the recruitment of different inflammatory pathways in lung tissue. The complexity of the response as a result of RAGE-HMGB1-DNA/RNA interactions has been considered (8).

The involvement of a Phase 1 (pre-existing inflammatory condition resulting from sterile immunity priming the system) and phase 2 (viral infection and tissue damage) could produce a tipping point in the system for inflammation in which the contribution of each phase will depend on individual circumstances. The overall result will be the triggering of a potentially devasting positive feed-back stimulation of the inflammatory response in the lung that is consistent with the catastrophic cytokine storm (30) associated with severe cases of Covid-19 (Figure 1).  Thus, it is the presence of RAGE and ACE2 in the lung that is probably critical in the process. This series of events would explain the morbidity and mortality from Covid-19 seen in patients of advanced age and/or suffering from underlying problems, especially obesity and diabetes (31-33). A further factor that will add to the problem would be high viral load as part of phase 2. This would increase the probability of a severe clinical outcome for those exposed to high levels of the virus, particularly frontline health workers.  

In summary, innate immunity is driven to a large extent by the presentation of anionic (negatively charged) surfaces or macromolecules. Such surfaces are not normally present in the extracellular environment of a healthy individual but are presented as a result of cell damage or infection. Such surfaces occur naturally within the cell as part of normal cell function. High levels of reactive carbonyl-containing molecules including glucose and glucose-derived metabolites, can also give rise to anionic surfaces on zwitterionic macromolecules, particularly proteins, thus mimicking infection. This is because the chemical neutralisation of positively charged lysine and arginine residues on the protein surface due to glycation will result in an excess of negatively charged residues, namely aspartate and glutamate. These processes will invoke an innate immune reaction that will generate an inflammatory response. The extent of this sterile inflammation (Phase 1) and also virus load leading to cell damage (Phase 2) can precipitate a tipping point leading to a cytokine storm resulting in serious morbidity or mortality in the case of SARS-CoV-2 infections. The priming effect of Phase 1 would predict adverse outcomes in other infectious diseases including viral infections. This is well established in the case of obese patients (34). Since writing, and in support of this hypothesis, a comprehensive review of RAGE and COVID-19 has appeared (16) that also looks at the COVID-19 problem in terms of the direct consequence of viral infection and a pre-existing inflammatory situation. Our proposed hypothesis takes this further and highlights the implications for public health strategies for combating SARS-Cov-2, particularly those relating to nutrition (35), to reduce obesity and accompanying diabetes in future populations. SARS-CoV-2 is multifaceted in terms of how it can affect body physiology, both short and long term. It can have other actions such as effects on taste and smell. These effects must reflect the location of SARS-CoV-2 receptors on other cells.
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FIGURE LEGEND

Figure 1: Proposed 2 phase model of innate immune priming in response to SARS-Cov-2 infection in aging, diabetic and/or obese patients. Comparison of the sequence of events between vulnerable (left sequence) and non-vulnerable (right sequence) patients. Vulnerable patients show increased glycation of proteins because of age, obesity and hyper glycaemia resulting in the generation of circulating negatively charged macromolecules, specifically proteins. In these vulnerable patients the lungs are primed to produce an inflammatory state as the result of the interaction of these circulating anionic macromolecules with RAGE. This further upregulates expression of RAGE in the lungs of these patients in a positive feedback loop. Patients with this primed inflammatory state subsequently over-react to viral infection, inducing an inflammatory spiral in Phase 2 resulting in a cytokine storm and enhanced morbidity and mortality. In non-vulnerable patients there is no phase 1 and the patient recovers from viral infection (phase 2) with little or no symptoms. Thicker arrows highlight pathways that are upregulated in vulnerable patients.
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