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Abstract

The population of the world is ageing. Respiratory syncytial virus (RSV) is emerging as 

a leading cause of severe respiratory tract infection in the elderly. Loss of muscle mass 

occurs naturally with age, but can be exacerbated by inflammation, inactivity, or chron-

ic disease, leading to increased risk of morbidity and mortality. If and how RSV infec-

tion promotes muscle wasting in the elderly is unknown. This study has developed an 

aged mouse model to investigate muscle wasting after RSV infection. 12-week-old and 

80-week-old female C57BL/6 mice were infected with the same dose of RSV A2. Com-

pared to young mice, elderly mice displayed enhanced RSV disease, including increased 

weight loss, viral load, and cellular airway infiltration. Elderly, but not young, mice dis-

played signs of muscle wasting following RSV infection, including decreased tibialis 

anterior muscle weight, increased expression of muscle atrophy-promoting enzymes, 

decreased muscle fibre size, and a failure to upregulate muscle protein synthesis. Elderly 

mice also displayed an impaired antibody response as evidenced by decreased anti-RSV 

IgG titres, but this was not due to reduced numbers of RSV-specific Tfh cells or germinal 

centre B cells. Blocking GDF-15, a TGF-β superfamily cytokine associated with muscle 

wasting and loss of appetite, which was produced in the elderly lung following RSV infec-

tion, unexpectedly led to signs of enhanced muscle wasting in elderly mice infected with 

RSV, suggesting a tissue-protective effect of GDF-15. Blocking IL-6R did not have con-

sistent effects in elderly mice infected with RSV, potentially due to counteracting effects 

on systemic inflammation, the antibody response, and skeletal muscle. These results 

demonstrate that RSV infection promotes muscle wasting in an age-dependent manner, 

potentially regulated by GDF-15. This model is a useful tool for mechanistic studies and 

could be used in the future for the development of vaccines and treatments for RSV for 

the elderly. 
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An ageing world

Chapter 1. Introduction

1.1. An ageing world

Advances in sanitation, nutrition, and medicine have led to vast increases in human life 

expectancy since the mid-1800s. Combined with slowing birth rates, this means the pop-

ulation of the UK – and the world – is ageing. By 2050, the number of people over the 

age of 60 on the planet is expected to more than double to over 2 billion (United Na-

tions, 2017). An ageing population presents an opportunity, as older people can make 

significant contributions to society as experienced workers, caregivers, and volunteers. 

These benefits are highly dependent on the maintenance of good health in the ageing 

population. However, increases in life expectancy have not been matched by increases 

in healthy life expectancy, or healthspan, the number of years an individual can expect to 

live in good health (Kennedy et al., 2014). Between 2009 and 2017, life expectancy in the 

UK at birth increased by seven months in men and four months in women (Office for Na-

tional Statistics, 2018). Healthy life expectancy on the other hand increased by only five 

months in men, and even decreased by three months in women (Figure 1-1). On a pop-

ulation level, the incidence of almost all health problems increases with age, including 

susceptibility to infections, cardiovascular disease, cancers, and neurodegenerative dis-

eases like dementia. A population that lives longer but spends more time in poor health 

presents a significant burden to economic, health and social care systems. To tackle 

these issues, there is an urgent need for scientific research into ageing. Firstly, there is 

a need for research into age-related diseases, such as cancer, cardiovascular disease, 

and neurodegenerative, since incidence will increase in step with the growth of the age-

ing population. Secondly, there is a need for research on the fundamental mechanisms 

underlying ageing itself, which are still incompletely understood.Since disease does not 

always accompany ageing, it is vital to understand which aspects of ageing cause it. 

Studying ageing inherently requires the passage of time. Due to our long lifespans and 

ethical considerations, human studies are expensive and may only yield results after 
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many years. Hence, there is an urgent requirement to develop appropriate animal mod-

els, utilising the fact that the ageing process is evolutionarily highly conserved. 

1.2. The biology of ageing

Ageing is difficult to define succinctly, but may be described as a progressive decline 

in physiological function of an organism, leading to an increase in mortality rate (Rose, 

1991; Bronikowski & Flatt, 2010; Flatt, 2012). The decline in physiological function is at-

tributable to the accumulation of damage to DNA, cells, tissues and organs, influenced 

by complex genetic and environmental factors. López-Otín and colleagues describe nine 

classical hallmarks of ageing: genomic instability, attrition of telomeres, epigenetic alter-

ations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cel-

lular senescence, stem cell exhaustion, and altered intercellular communication (López-

Otín et al., 2013). The nine hallmarks of ageing are summarised briefly below. 
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Health state life expectancy 
at birth in the UK
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Figure 1-1 Lifespan and Healthspan at birth in the UK

Total life expectancy of men and women born in the UK in two different time frames, 2009-2011 and 2015-
2017. Respondents to the Office for National Statistics’ Annual Population Survey were asked about their 
general health, here divided into “Good Health” (Options “Very Good” or “Good”) and “Not Good Health” 
(Options “Fair”, “Bad”, or “Very Bad”). Adapted from Office of National Statistics, Statistical Bulletin: Health 
state life expectancies, UK: 2015 to 2017 (2018), licensed under the Open Government Licence v3.0. (see 
Appendix). 
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The biology of ageing

1.2.1. Genome stability

Genomic stability is crucial for a cell to reproduce for maintenance or growth, and to 

be able to fulfill its tissue-specific functions via accurate transcription. Genetic damage 

can be caused by external factors, such as UV radiation, X-rays, or certain chemicals, or 

internally by reactive oxygen species, or replication errors. Numerous DNA repair mech-

anisms exist to repair this damage, such as homologous recombination between chro-

mosomes, non-homologous end-joining, or mismatch repair (Lord & Ashworth, 2012). 

With increased age, DNA damage repair mechanisms become less effective and DNA 

damage accumulates (Moskalev et al., 2013). Some conditions with symptoms of accel-

erated ageing, such as Werner syndrome and Cockayne syndrome, are caused by muta-

tions in proteins belonging to DNA repair pathways (Burtner & Kennedy, 2010). However, 

these conditions do not recapitulate all aspects of ageing, suggesting that other factors 

also contribute. 

1.2.2. Telomere attrition

Telomeres are sections of repetitive DNA capping the ends of chromosomes. Since 

replicative DNA polymerases are incapable of replicating the terminal ends of DNA 

strands, telomeres serve to protect protein-coding DNA from being eroded by repeated 

DNA replication (Blackburn, Greider & Szostak, 2006). As a consequence, progressive 

telomere shortening is observed in cells from both humans and mice with advancing 

age (Blasco, 2007). Telomere loss is an important cause of cell cycle arrest (See Cellular 

Senescence). Telomeres can be replicated and extended by a special DNA polymerase, 

telomerase, but its expression in adulthood is highly limited to male germ cells, some 

epidermal cells, haematopoietic stem cells, and activated T and B lymphocytes. Multiple 

diseases involving impaired tissue regeneration, such as pulmonary fibrosis, dyskera-

tosis congenita, and aplastic anaemia, have been associated with telomerase deficien-

cy (Armanios & Blackburn, 2012). Genetically modified mice with shortened telomeres 

display reduced lifespans, whereas mice with articificially lengthened telomeres display 

extended lifespans (Rudolph et al., 1999; Tomás-Loba et al., 2008; Armanios et al., 2009). 



Chapter 1. Introduction

6

Moreover, the premature ageing observed in telomerase-deficient mice is reversible 

with reactivation of telomerase expression (Jaskelioff et al., 2011). Even in naturally aged 

wild-type mice, increasing telomerase activity extends lifespan and alleviates symptoms 

of ageing such as insulin sensitivity and neuromuscular coordination, with no increased 

risk of cancer (Bernardes de Jesus et al., 2012). These studies suggest that in the future, 

telomere attrition may be targeted clinically to prevent or ameliorate age-associated pa-

thology. 

1.2.3. Epigenetic changes

The epigenome comprises various alterations to chromatin, such as DNA methylation, 

post-translational histone acetylation and methylation, changes in chromatin conforma-

tion, and the enzymes that generate and maintain such modifications. Certain patterns 

of histone modification are characteristic of age-associated epigenetic changes, such 

as an increase in histone H4K16 acetylation and H3K4 trimethylation, and a decrease 

in H3K27 trimethylation (Fraga & Esteller, 2007; Han & Brunet, 2012). DNA methylation 

of certain loci, particularly those encoding tumour suppressors and Polycomb targets, 

increases with age, which may promote neoplasia (Maegawa et al., 2010). Epigenetic al-

terations may affect ageing in multiple ways. Firstly, they may affect genomic stability and 

DNA repair mechanisms. Secondly, they may determine transcription and thus regulate 

cellular function, metabolism and inflammation. 

Loss of function in enzymes maintainting epigenetic marks has been associated with ei-

ther extended lifespan or accelerated ageing in animal models. For example, inhibition of 

a histone demethylase in Caenorhabditis elegans nematodes extends life span via loss 

of H3K27 trimethylation on genes in the insulin/IGF-1 signalling pathway (Jin et al., 2011). 

Pharmacological inhibition of histone deacetylase can improve age-associated memory 

impairment in mice, and inhibition of histone acetyltransferases ameliorates symptoms 

and extends the lifespan of mice genetically modified to age prematurely (Peleg et al., 

2010; Krishnan et al., 2011).  

The sirtuin family contains a number of protein de-acetylases and ADP ribosyltransferas-
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es that have various epigenetic roles. In mammals, overexpression of SIRT1 maintains 

health during ageing by improving genomic stability and metabolic efficiency, but does 

not increase lifespan (Herranz et al., 2010; Nogueiras et al., 2012). SIRT6 is a chroma-

tin-associated protein important for base excision repair and the repair of double-strand-

ed DNA breaks, with additional roles in Nuclear transcription factor kappa B (NF-κB sig-

nalling) and histone H3K9 deacetylation (Kawahara et al., 2009; Kanfi et al., 2010; Zhong 

et al., 2010). SIRT6-deficient mice display symptoms of accelerated ageing (Mostoslavsky 

et al., 2006), whereas SIRT6 overexpression prolongs the lifespan of male, but not female, 

mice (Kanfi et al., 2012). 

Levels of key chromatin remodelling proteins, such as heterochromatin protein 1α (HP1α), 

Polycomb group proteins, and NuRD complex, decrease with advancing age (Pegoraro 

et al., 2009; Pollina & Brunet, 2011). This decline causes wide-reaching changes in chro-

matin architecture, such as loss and redistribution of heterochromatin, that is observed 

in both naturally and artificially aged cells (Oberdoerffer & Sinclair, 2007). Loss-of-func-

tion mutation of HP1α shortens the lifespan of Drosophila flies, whereas overexpression 

of HP1α extends lifespan and delays muscle wasting of flies, exemplifying the impor-

tance of chromatin changes in ageing (Larson et al., 2012). 

As a consequence of the above-mentioned epigenetic alterations, the transcriptome un-

dergoes changes with advancing age. Cell-to-cell variation in gene expression is vastly 

increased with age (Bahar et al., 2006), and mRNA splicing and maturation is dysregulat-

ed (Nicholas et al., 2010; Harries et al., 2011). Age-associated changes in the transcrip-

tome typically include an upregulation of genes in inflammation, immune response, and 

lysosomal pathways, and a downregulation of genes involved in mitochondrial metabo-

lism, apoptosis, and the cell cycle (de Magalhães, Curado & Church, 2009). 

1.2.4. Loss of proteostasis

Proteostasis is the maintenance of a pool of correctly folded, functional proteins in a cell. 

It involves the stabilisation of correctly folded, functional proteins, and the removal and 

degradation of irreparably misfolded proteins. The family of heat shock proteins (HSP) 
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are the principal mediators of protein refolding, in concert with various chaperone pro-

teins (Hartl, Bracher & Hayer-Hartl, 2011). Irreparably misfolded proteins can be targeted 

for degradation via either the ubiquitin-proteasome, or recognised by chaperones and 

imported into lysosomes for autophagic breakdown (Mizushima et al., 2008). Larger pro-

teins or organelles also undergo macro-autophagy by being sequestered into autopha-

gosomes which fuse with lysosomes. 

Ageing is associated with disturbed proteostasis, with sometimes profound proteotoxic 

effects (Koga, Kaushik & Cuervo, 2011). The accumulation of unfolded or misfolded pro-

teins is characteristic of certain age-associated diseases, for example Alzheimer’s dis-

ease and Parkinson’s disease (Powers et al., 2009). The transcription factor heat shock 

factor 1 (HSF-1) is the master regulator of the heat shock response. The overexpres-

sion of HSF-1 in C. elegans extends lifespan whereas reducing HSF-1 activity shortens 

lifespan and accelerates tissue ageing (Hsu, Murphy & Kenyon, 2003). In human cell 

culture, HSF-1 is a key target for deacetylation by SIRT1, leading to increased levels of 

heat shock proteins such as Hsp70 that refold proteins (Westerheide et al., 2009). Mice 

genetically deficient in a co-chaperone interacting with Hsp70 have shortened lifespans 

and exhibit accelerated age-associated pathology (Min et al., 2008). Pharmocological 

activation of the heat shock protein Hsp72 slows the progression of muscular decline in 

a mouse model of severe muscular dystrophy (Gehrig et al., 2012). 

The activity of both the ubiquitin-proteasome and the autophagy-lysosome systems for 

degrading misfolded proteins decline with age (Rubinsztein, Mariño & Kroemer, 2011; 

Tomaru et al., 2012). Mice genetically engineered to have an additional copy of the auto-

phagy receptor LAMP2a maintain their autophagy levels and liver function into old age 

(Zhang & Cuervo, 2008). Compounds which promote autophagy, such as rapamycin and 

spermidine, have been robustly associated with increased lifespan in yeast, nematodes, 

and flies (Eisenberg et al., 2009; Rubinsztein, Mariño & Kroemer, 2011). Rapamycin can 

also extend lifespan in mice and ameliorates age-associated pathology, but its effects in 

mammals are not exclusively mediated through the induction of autophagy (Harrison et 
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al., 2009; Selman et al., 2009; Wilkinson et al., 2012). Increasing expression of parts of the 

ubiquitin-proteasome complex extends lifespan in C. elegans, and yeast strains with ge-

netically increased proteasome activity display extended lifespan and higher tolerance 

of proteotoxic stress. These findings underscore the importance of correct protein clear-

ance for healthy ageing. 

1.2.5. Deregulated nutrient sensing

The most important cellular nutrient, glucose, is sensed by cells via insulin signalling. The 

intracellular signalling pathway of insulin is also activated by insulin-like growth factor 1 

(IGF-1), which mediates the effects of growth hormone (GH). Targets of insulin/IGF-1 

signalling include the FOXO transcription factor family and mTOR, forming a system that 

is evolutionarily highly conserved (Barzilai et al., 2012). Experimentally inhibiting parts of 

the insulin/IGF-1 pathway extends lifespan in C. elegans worms, Drosophila flies, and 

laboratory mice (Kenyon, 2010). In different inbred mouse strains, systemic IGF-1 levels 

correlate inversely with lifespan (Yuan et al., 2009). 

Insulin/IGF-1 signalling pathway is a key mediator of the lifespan-enhancing effects of 

dietary restriction. Dietary restriction reduces circulating IGF-1 levels, and increases 

lifespan or healthspan in a variety of animal models, including non-human primates (Col-

man et al., 2009; Mattison et al., 2012). Since reduced IGF-1 signalling extends lifespan, 

one may assume that ageing is accompanied by increased IGF-1 levels. Paradoxically, 

the opposite is the case – levels of both GH and IGF-1 decline with age, and are low in 

progeroid mouse models (Schumacher et al., 2008). This contradiction can be explained 

thus: GH, insulin, and IGF-1 signalling promote cell growth, metabolism, and turnover. 

This is beneficial for an organism in the short term, to attain maximum evolutionary fit-

ness and ensure reproduction. However, in the long term, growth occurs at the expense 

of repair, and leads to the accumulation of molecular and cellular damage. Downregula-

tion of insulin/IGF-1 signalling pathways with age is a mechanism of damage control in 

an attempt to prolong lifespan (Garinis et al., 2008). Organisms with constitutively low-

er insulin/IGF-1 signalling on the other hand are longer lived because they experience 
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lower levels of cell growth and metabolism throughout life, and thus accumulate less 

damage. Unfortunately, the downregulation of the insulin/IGF-1 signalling pathways with 

ageing as a damage control response may further exacerbate symptoms of ageing in a 

downward spiral. For example, as will be discussed in Section 1.5, low levels of IGF-1 in 

ageing may contribute to muscle wasting. 

The mTOR system is a key target of insulin/IGF-1 signalling and is a master regulator of 

anabolism. Attenuation of mTOR activity extends lifespan in yeast, C. elegans worms, 

Drosophila flies in a similar manner to dietary restriction (Laplante & Sabatini, 2012). Inhi-

bition of mTOR activity with the drug rapamycin increases lifespan in mice and reverses 

obesity in mice caused by age-related increases in mTOR activity in hypothalamic neu-

rons (Yang et al., 2012). Other nutrient sensors, such as AMPK and SIRT1, signal nutrient 

scarcity and inhibit cell growth programmes. AMPK notably inhibits parts of the mTOR 

complex and may mediate the lifespan extension effects of metformin in C. elegans and 

mice (Onken & Driscoll, 2010; Anisimov et al., 2011; Alers et al., 2012). 

1.2.6. Mitochondrial dysfunction

Mitochondria are crucial to energy generation in the cell. With advancing age, mitochon-

dria become less efficient and generate less ATP (Short et al., 2005). Respiratory chain 

capacity declines with age, and the number of mitochondria and mitochondrial protein 

content decreases, particularly in the liver (Bratic & Larsson, 2013). Mitochondrial dys-

function may promote ageing through multiple pathways: 

Mitochondrial genome stability is essential to healthy ageing. Transgenic mice with im-

paired mtDNA polymerase function accumulate mutations in mitochondrial DNA and 

display reduced lifespan and premature symptoms of ageing such as sarcopenia (Tri-

funovic et al., 2004; Vermulst et al., 2008; Hiona et al., 2010). Telomerase reactivation 

can partially reverse the decline in mitochondrial numbers observed in aged mice (Ber-

nardes de Jesus et al., 2012). 

Mitochondria are key controllers of cell death by permeabilising their membranes, re-
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leasing proteins that trigger apoptosis (Green, Galluzzi & Kroemer, 2011). Mitochondrial 

protein release can also promote the activation of inflammasomes. Dysfunctional, aged 

mitochondria may be more prone to initiate apoptosis or inflammation (Kroemer, Galluzzi 

& Brenner, 2007). 

Damaged mitochondria are degraded in a specialised form of macro-autophagy termed 

“mitophagy”. The accumulation of damaged macromolecules and organelles such as 

mitochondria during ageing has been proposed to be due to declining autophagy and 

mitophagy (Yen & Klionsky, 2008). Drosophila flies and C. elegans nematodes deficient in 

autophagy pathway genes exhibit accelerated ageing and shortened lifespans (Melén-

dez et al., 2003; Juhász et al., 2007). Mitophagy is partially regulated by the sirtuin SIRT1, 

which also promotes the biogenesis of new mitochondria (In et al., 2008). SIRT3 is the 

primary mitochondrial deacetylase and improves mitochondrial function (Giralt & Villar-

roya, 2012). The combined effects of reduced mitochondrial biogenesis and reduced 

clearance of damaged mitochondria may contribute to ageing (Yen & Klionsky, 2008). 

Hormesis is the concept that mildly toxic experiences can have beneficial effects by pro-

moting compensatory responses that improve fitness beyond starting conditions (Cala-

brese et al., 2011). The theory of mitohormesis proposes that low levels of mitochondrial 

dysfunction may be beneficial to ageing. In support of this theory, some treatments that 

extend lifespan in animal models, such as metformin, are mildly toxic to mitochondria 

(Onken & Driscoll, 2010; Anisimov et al., 2011). Moreover, lowering mitochondrial ATP 

generation by either pharmacologically or genetically induced mitochondrial uncou-

pling also increases lifespan and reduced age-related disease in mice (Gates et al., 2007; 

Caldeira Da Silva et al., 2008). 

Mitochondria naturally produce reactive oxygen species (ROS) as a byproduct of respi-

ration. ROS can damage mtDNA and inhibit the electron transport chain. This has led to 

the free radical theory of ageing, proposing that age-related mitochondrial dysfunction is 

driven by increased ROS production, and conversely, inhibiting ROS should be beneficial 
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to ageing (Harman, 1965). Paradoxically, the opposite appears to be the case. Increased 

ROS extends lifespan in C. elegans worms, and neither increased mitochondrial ROS nor 

increased antioxidant responses affect ageing in mice (Doonan et al., 2008; Pérez et al., 

2009; Zhang et al., 2009). By contrast, ageing is accelerated in mice genetically altered 

to have impaired mitochondrial function without concomitantly increased ROS (Trifu-

novic et al., 2004; Vermulst et al., 2008; Hiona et al., 2010). These findings sugggest that 

similarly to other features of ageing, ROS are a response to age-related accumulation of 

damage. In moderation, ROS can thus be beneficial to ageing, but in excess they may 

lead to a vicious cycle of ROS production and exacerbate age-related damage. 

1.2.7. Cellular senescence

In 1961, Leonard Hayflick and Paul Moorhead observed that serially passaged human 

fibroblasts stopped proliferating after a 50-70 passages (Hayflick & Moorhead, 1961). 

The cells had become “senescent”, irreversibly arresting their cell cycle and developing 

characteristic phenotypic changes. This intrinsic replicative limit was termed the “Hay-

flick limit”. In Hayflick’s fibroblasts, the trigger for senescence was telomere attrition, but 

other age-related triggers contribute to senescence (Bodnar et al., 1998). 

Senescent cells accumulate with age, but senescence does not affect all cell and tissue 

types equally. In aged mice, some tissues, such as skin and lung, contain high levels of 

senescent cells, whereas others, such as heart and kidney, do not (Wang et al., 2009). 

Because of their age-related accumulation, senescence has been associated with the 

detrimental effects of ageing. However, in health, senescence is an important cellular 

mechanism to prevent the proliferation of damaged cells which may become cancer-

ous (López-Otín et al., 2013). But effective tissue rejuvenation requires both clearance 

of the senescent cells by the immune system and replacement via progenitor cells. The 

accumulation of senescent cells with age may reflect an increase in the generation of 

senescent cells, or a decrease in their clearance and replacement. 

Senescent cells don’t just arrest their cell cycle, they also develop a characteristic altered 
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phenotype, the “senescence-associated secretory phenotype” (SASP). Senescent cells 

tend to secrete high levels of pro-inflammatory cytokines and matrix metalloproteinases 

that can damage the surrounding tissue and drive ageing (Basisty et al., 2020).  

Telomeric attrition is one driver of senescence, as in the case of Hayflick’s fibroblasts, 

but another key driver of senescence is excessive mitogenic signalling. As described 

above, senescence is an important mechanism to limit the proliferation of potentially 

oncogenic cells. Excessive mitogenic signalling leads to excessive induction of senes-

cence in an attempt to prevent oncogenesis. p16INK4a and p19ARF are tumour suppressors 

both encoded by the INK4a/ARF locus on chromosome 9 in humans and chromosome 

4 in mice. Expression of the INK4/ARF locus is progressively derepressed with age, and 

levels of p16INK4a and p19ARF consistently correlate with chronological age in almost all tis-

sues in mice and humans (Krishnamurthy et al., 2004; Collado, Blasco & Serrano, 2007). 

Polymorphisms in this locus are associated with a large number of age-related diseases, 

including cardiovascular diseases, cancer, diabetes, and neurodegenerative diseases 

(Jeck, Siebold & Sharpless, 2012). This suggests that the INK4a/ARF locus is a key con-

troller of ageing and age-related disease. Supporting this hypothesis, the age-related 

phenotypes of several progeroid mouse models can be ameliorated by the elimination of 

p16INK4a or p53 signalling, another key tumour suppressor (Cao et al., 2003; Varela et al., 

2005; Baker et al., 2011; Jeon et al., 2017). Moreover, lifespan of mice can be extended 

and age-related pathology delayed by the removal of p16INK4a -positive cells (Baker et al., 

2016). However, there is also evidence that constitutive low-level increases in p16INK4a, 

p19ARF or p53 extend lifespan in mice, more than would be expected by their effect on tu-

mour suppression (Matheu et al., 2007, 2009). This discrepancy can be explained in the 

same way as has been discussed for other mechanisms of ageing: Balance is everything. 

Senescence initiated by the INK4a/ARF locus is a fundamentally beneficial compensa-

tory response to prevent the proliferation of damaged cells. However, in excess, or when 

the replenishing capacity of stem cells cannot keep pace, senescence may exacerbate 

age-related damage and accelerate ageing. 
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1.2.8. Stem cell exhaustion

Stem cells are required for the maintenance of all cell populations except the longest-lived 

ones. Age-related decline has been observed in almost all adult stem cell compartments, 

including the brain, bone, and muscle (Molofsky et al., 2006; Gruber et al., 2006; Conboy 

& Rando, 2012). In the bone marrow, haematopoiesis wanes with advancing age, result-

ing in a higher risk of anaemias and cancers of myeloid origins, and weakened immune 

responses to infection (Shaw et al., 2010). Haematopoietic stem cells (HSCs) undergo 

fewer cell divisions and accumulate DNA damage (Rossi et al., 2007). 

Stem cell ageing is itself caused by a combination of the various mechanisms of ageing 

already discussed, particular telomere attrition and progressive upregulation of the se-

nescence-controlling INK4a/ARF locus (Flores, Cayuela & Blasco, 2005). For example, 

aged HSCs overexpress p16INK4a, and HSCs from INK4a-/- mice display increased cell 

cycle activity and better engraftment in an HSC transplant model (Janzen et al., 2006). 

Age-related alterations in stem cell behaviour may manifest both as a reduction in stem 

cell division, leading to difficulties in maintaining tissues, but also as an inappropriate in-

crease in proliferation, accelerating stem cell exhaustion in the long term and increasing 

the risk of malignancy . For example, mice deficient in the cell cycle inhibitor p21CIP1/WAF 

display premature exhaustion of HSCs and neural stem cells and even premature death 

due to haematopoietic failure (Cheng et al., 2000; Kippin, Martens & Van Der Kooy, 2005). 

The exhaustion of stem cells is partially extrinsically determined. Dietary restriction in-

creases gut and muscle stem functions, and transplanting muscle stem cells from young 

mice to prematurely aged mice extends their lifespan and improves age-related patholo-

gy (Cerletti et al., 2012; Yilmaz et al., 2012; Lavasani et al., 2012). Moreover, insufficiently 

understood systemic factors may also maintain stem cell function, as evidenced by ex-

periments demonstrating that bone marrow or plasma from young mice can rejuvenate 

the stem cell niches of aged mice (Conboy et al., 2005; Katsimpardi et al., 2014; Kang et 

al., 2020). 
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Rapamycin, the mTOR inhibitor, has already been discussed in its capacity to delay or 

ameliorate ageing by multiple pathways, including boosting proteostasis and regulating 

nutrient sensing. Rapamycin may also improve stem cell function in various tissues, in-

cluding the skin, gut, and haematopoietic system (Castilho et al., 2009; Chen et al., 2009; 

Yilmaz et al., 2012). The effectiveness of rapamycin in targeting ageing through multiple 

pathways emphasises the high level of connectedness between the different mecha-

nisms of ageing. 

1.2.9. Altered intercellular communication

Many types of intercellular communication are dysregulated with age, including hormo-

nal, neuronal, and inflammatory signalling. The age-related dysfunction of the insulin/

IGF-1 pathway as an example of neuro-hormonal signalling has alread been mentioned. 

Elderly people often display “inflammageing”, a state of chronic, low-level inflammation 

in the absence of any pathogenic threat, which indicates systemic dysregulation of im-

munity and intercellular communication (Franceschi et al., 2006). The origins of inflam-

mageing may be diverse and include failure of the aged immune system to clear path-

ogens and damaged cells, leading to prolonged inflammatory signalling, secretion of 

pro-inflammatory cytokines by senescent cells as part of the SASP, and dysfunctional 

autophagy (Green, Galluzzi & Kroemer, 2011; Salminen, Kaarniranta & Kauppinen, 2012). 

Dysregulated inflammation has been implicated in a number of age-related diseases, 

including obesity, type 2 diabetes, and atherosclerosis (Tabas, 2010; Barzilai et al., 2012). 

The NF-κB pathway is a key regulator of inflammation. Increased activity of NF-κB is char-

acteristic of ageing (de Magalhães, Curado & Church, 2009). Inhibition of NF-κB activity 

by genetic or pharmacological means can rejuvenate tissues and delay age-associated 

pathologies in naturally aged and progeroid mice (Adler et al., 2007; Osorio et al., 2012; 

Tilstra et al., 2012). Sirtuins have been discussed in their capacity to maintain genomic 

stability and promote mitochondrial biogenesis and function. Sirtuins may also have an 

effect on ageing by regulating inflammation. SIRT1, SIRT2, and SIRT6 can downregulate 

inflammatory signalling by deacetylating components of the NF-κB pathway (Xie, Zhang 
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& Zhang, 2013). SIRT6-deficient mice display shortened lifespan and accelerated ageing 

due to increased NF-κB signalling, and SIRT1 activation can prevent premature cellular 

senescence in mouse lung (Kawahara et al., 2009; Yao et al., 2012). 

The importance of intercellular communication in ageing is evidenced by multiple stud-

ies suggesting that ageing can be “contagious”. Senescent cells can trigger neighbour-

ing cells to become senescent too via direct cell-cell contacts and ROS signalling, the 

microenvironment is a key factor in driving age-related dysfunction of CD4+ T cells, and 

ageing is accelerated in young mice given a blood transfusion from old mice (Tomás-Lo-

ba et al., 2008; Lavasani et al., 2012; Conboy & Rando, 2012). Conversely, targeting 

age-related pathology in one tissue can simultaneously delay ageing in other tissues 

(Tomás-Loba et al., 2008; Lavasani et al., 2012). 

1.2.10. Nature versus nurture in ageing

Healthspan and lifespan are determined by a combination of genetic and non-genetic 

factors (Passarino, De Rango & Montesanto, 2016). Disentangling the specific contribu-

tions of both genetic and non-genetic factors to ageing is crucial to the development of 

therapeutic and prophylactic treatments targeting the ageing process. 

Numerous transgenic animal models have demonstrated that certain genes dramatical-

ly influence healthspan and lifespan. These sorts of genetic manipulations are of course 

impossible in humans. Twin studies have suggested that approximately 25% of the var-

iation in human lifespan can be accounted for by genetic factors (Herskind et al., 1996; 

Skytthe et al., 2003). Genome-wide association studies have failed to identify universal 

genetic factors accounting for exceptional longevity, but polymorphisms in some genes, 

particularly those promoting genomic stability, telomere integrity, and mitochondrial 

function, may contribute (Sebastiani et al., 2012; Soerensen et al., 2012; Beekman et al., 

2013; Debrabant et al., 2014; Deelen et al., 2014; Raule et al., 2014). 

Caloric (dietary) restriction is the most robust intervention for prolonged health- and 

lifespan in almost all animal models tested. The various mechanisms through which die-
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tary restriction promotes longevity have been discussed above. Human populations that 

engage in caloric restriction for cultural or religious reasons, such as communities of Sev-

enth-Day Adventists in California or the indigenous inhabitants of the Okinawa islands 

in Japan, display remarkable longevity and vitality late into life (Willcox et al., 2007; Orlich 

et al., 2013; Poulain, Herm & Pes, 2014). The diets consumed by these populations are 

also predominantly plant-based and there is some evidence that the high protein content 

of animal products may promote the ageing process (Simpson & Raubenheimer, 2009; 

Nakagawa et al., 2012). A randomised controlled trial of 25% dietary restriction in non-

obese humans yielded the result that caloric restriction decreased cardiometabolic risk 

factors, improved insulin sensitivity, decreased systemic inflammation, and decreased 

biomarkers of ageing (Ravussin et al., 2015; Belsky et al., 2018; Kraus et al., 2019). 

Exercise is another extrinsic factor that can delay features of ageing. Highly active mid-

dle-aged amateur cyclists display lower levels of systemic inflammation and immu-

nosenescence compared to less active peers (Duggal et al., 2018). Resistance exercise 

training can also ameliorate a number of age-related features, such as improving mi-

tochondrial function, preventing loss of muscle strength, improving cognitive function, 

and lowering blood pressure (Melov et al., 2007; Pedersen & Saltin, 2015; Lazarus & 

Harridge, 2018; de Guia et al., 2019). 

Taken together, there is solid evidence that dietary and exercise lifestyle choices can 

have dramatic effects on the mechanisms of ageing, to delay age-associated disease 

and extend both healthspan and lifespan. Genetic factors still account for some propor-

tion of the variation in longevity, but may be more difficult to target therapeutically than 

simple lifestyle interventions. 

1.3. The ageing immune system

The immune system is affected by ageing. The overall decline in immune function is 

termed “immunosenescence” (Aw, Silva & Palmer, 2007). The section on stem cell ex-

haustion as a feature of ageing has already mentioned that the rate of haematopoiesis 
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declines with age. This fundamentally leads to lower numbers of many types of immune 

cell. However, many other aspects of immune cell physiology change with age. 

1.3.1. Ageing of the innate immune response 

Innate immunity presents the first response to invading pathogens or signs of danger. 

The innate immune response consists of a wide variety of cell types, including neutro-

phils, natural killer (NK) cells, NK T cells, monocytes, macrophages, and dendritic cells 

(DCs). All of these cell types exhibit age-related defects, including altered cell-cell com-

munication, altered signal transduction and resultant impaired function, and dysregulat-

ed activity due to inflammageing (Shaw et al., 2010). Together, these can combine to a 

paradoxical situation where immune responses are delayed and blunted with age, but 

other branches of the immune response are simultaneously hyperactive, with resultant 

excessive immunopathology. 

1.3.1.1. Neutrophils 

Neutrophils are one of the most rapidly recruited innate immune cells, combatting bac-

terial and fungal infections by phagocytosis, the release of microbicidal chemicals, and 

the deployment of neutrophil extracellular traps (NETs) (Brinkmann et al., 2004). Neutro-

phil numbers are not reduced with age, as HSCs tend to skew towards myeloid lineages 

with age (Beerman et al., 2010). Neutrophils from older human blood donors display im-

paired chemotaxis (Wenisch et al., 2000). Since neutrophils secrete elastases and other 

proteases to migrate through tissue, inefficient chemotaxis is likely to cause bystander 

tissue damage. A burn injury model led to increased neutrophilia and delayed resolu-

tion of inflammation in aged compared to young mice, an effect which was mediated 

by dysregulated expression of chemokine receptors and adhesion molecules (Nomellini 

et al., 2008, 2012). Data showing that statin administration and PI3K inhibition improve 

neutrophil function and clinical outcomes in pneumonia strongly suggest that both al-

tered internal signalling and excessive inflammatory signalling in ageing contribute to 

detrimental neutrophil phenotypes (Sapey et al., 2014, 2019; Wilson et al., 2020)



19

The ageing immune system

1.3.1.2. NK cells and NK T cells

NK cells provide immune defence against viruses and certain cancers primarily via cell-

cell cytotoxicity. The total number of NK cells increases with age, but the individual cell’s 

capacity for cytotoxicity and the production of key NK cell cyto- and chemokines such 

as IL-8 and MIP1α decreases with age (Mocchegiani et al., 2009). Mouse studies have 

also suggested that aged NK cells may contribute to B cell immunosenescence by in-

terfering in early B cell development in the bone marrow (King et al., 2009). NK T cells 

are innate-like lymphocytes that express both NK-typical cell surface markers and an 

invariant αβ T cell receptor recognising glycolipids presented by CD1d. Like NK cells, 

absolute NK T cell numbers increase with age, but in contrast to NK cells, NK T cells ap-

pear to become hyperactive with age. NK T cells from older mice are prolific producers of 

the pro-inflammatory cytokine IL-17A, and promote increased neutrophil migration, liver 

injury, and mortality during viral infection (Inui et al., 2002; Stout-Delgado et al., 2009). 

There is also evidence that NK T cells suppress T cell immunity in aged mice (Faunce et 

al., 2005). 

1.3.1.3. Monocytes/macrophages

Monocytes reside in the spleen and blood and differentiate into macrophages or den-

dritic cells in response to inflammation (Shaw et al., 2010). Numbers of pro-inflamma-

tory CD16+ monocytes increase with age, but numbers of CD16- monocytes decrease 

with age (Nyugen et al., 2010). Macrophage cytokine production in response to Toll-like 

receptor (TLR) activation is reduced in aged mice compared to young mice, especially 

IL-6, TNFα, and IL-1β (Renshaw et al., 2002; Boehmer et al., 2004, 2005; Chelvarajan et 

al., 2005). Human aged macrophages may display a more pro-inflammatory phenotype 

at baseline, concordant with “inflamm-ageing”, but tend to produce lower levels of cyto-

kines when stimulated with TLR agonists (van Duin et al., 2007a; Franceschi et al., 2007; 

Nyugen et al., 2010). TLR expression itself is also dysregulated on ages monocytes (van 

Duin et al., 2007a). In vivo, dermal macrophages from elderly humans responded to anti-

gen challenge with lower cytokine production than those of young controls, but the mac-
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rophages from old individuals’ skin were still capable of producing TNFα ex vivo, sug-

gesting that macrophage dysfunction is partially dependent on extrinsic factors (Agius 

et al., 2009). Aged human macrophages also display blunted upregulation of co-stimula-

tory factors such as CD80, which may impair vaccine responses (van Duin et al., 2007b). 

Antigen presentation by macrophages is impaired with age in both mice and humans, 

mediated by overall lower levels of MHC class II and reduced expression of MHC class II 

in response to IFNγ (Villanueva et al., 1990; Herrero et al., 2001). Macrophage and mono-

cyte cytotoxic function, such as phagocytosis and production of ROS, also declines with 

ageing (Solana et al., 2012b). 

1.3.1.4. Dendritic cells

Dendritic cells (DC) patrol the periphery, collecting antigens and presenting them to T 

cells. Plasmacytoid dendritic cells (pDC) classically produce IFN-α in response to viral 

infections. Myeloid dendritic cells (mDC) mainly recognise bacterial ligands and pro-

duce TNFα, IL-6, and IL-12 (Kadowaki, 2009). The number of pDCs has been reported 

to decline in humans with advancing age, whereas the number and cytokine production 

by mDCs is maintainted, except in frail older humans, where mDCs were dramatically 

reduced (Jing et al., 2009). In mice, the migration and signal transduction of aged mDC is 

impaired (Grolleau-Julius et al., 2006, 2008). Aged pDCs display lower IFN-α production 

both in a murine HSV-2 infection model and in human blood pDCs from healthy elderly 

donors (Stout-Delgado et al., 2008; Jing et al., 2009). Panda et al. observed an age-asso-

ciated decline in TLR-induced cytokine production in human mDCs and pDCs, which 

correlated strongly with a protective antibody response to influenza A virus vaccination. 

Additionally, aged DCs were observed to have increased baseline levels of cytokine pro-

duction, suggesting that additional TLR stimulation was unable to elicit a substantial 

increase in cytokine production (Panda et al., 2010). Follicular dendritic cells (fDC) are 

specialised DC that orchestrate antibody affinity maturation in germinal centres. Aged 

fDC induce fewer germinal centres and generate fewer memory B cells (Aydar et al., 

2004; Brown et al., 2009). These results together suggest that DCs are highly pleiotropic 
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mediators of innate immunity that are profoundly affected by ageing.

1.3.2. Ageing of the adaptive immune response 

The adaptive immune response consists of T and B cells and confers long-lasting, patho-

gen-specific immunity. T cells are fundamentally divided into CD4+ T cells, which pro-

mote and regulate the function of other immune cells, and CD8+ T cells, which can have 

cytotoxic and memory function. Both the T cell and B cell compartments are profoundly 

impacted by ageing. 

1.3.2.1. T cells

The total number of circulating T cells remains roughly constant with age, but the com-

position of the T cell compartment changes. The thymus involutes with age, leading to a 

declining output of naïve T cells, which results in a diminishing TCR repertoire (Fulop et 

al., 2018). The decline in thymic output is compensated for by the expansion of different T 

cell populations, particularly CD8+ memory T cells, and T cells lacking the co-stimulatory 

marker CD28 (Koch et al., 2008; Goronzy et al., 2015; Yanes et al., 2017). Within CD4+ T 

cells, the proportion of pro-inflammatory Th17 (IL-17A-producing T cells) and regulatory 

T cells (Tregs) increases with advancing age (van der Geest et al., 2014). These chang-

es in T cell composition has been considered the main reason for increased incidence 

of infections and cancers, and reduced vaccine efficacy, in the elderly (Pawelec, 2017). 

Ageing also entails an expansion of T cells of a certain clonality, particularly CD8+ T cells 

reactive to the persistent herpesvirus cytomegalovirus (CMV) (Khan et al., 2002). The 

overall effect of expanded CMV-reactive T cells on immunity is unclear. On the one hand, 

the constant antigenic stimulation may promote improved immune responses to other 

infections or vaccinations (Pawelec et al., 2012). On the other hand, constant stimula-

tion promotes T cell exhaustion, upregulation of inhibitory molecules such as CTLA-4, 

dysfunction, and eventually senescence (Pawelec, 2014; Tu & Rao, 2016). The SASP of 

CMV-specific aged T cells may also contribute to inflammageing (Akbar, Henson & Lan-

na, 2016). The degree of senescence or exhaustion of aged T cells is controversial, as 

they can usually still be stimulated back into fulfilling their physiological function (Solana 
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et al., 2012a; Daste et al., 2017). T cell function is strongly dependent on cell metabolism, 

and there is evidence that T cell metabolism is dramatically altered in ageing (Weyand & 

Goronzy, 2016). Aged T cells exhibit an energy-deprived state and preferential use of the 

pentose phosphate pathway, which promotes an anabolic phenotype, but also leads to a 

higher production of ROS and suppressed TCR signalling by upregulated AMPK activity 

(Yu et al., 2012; Li et al., 2012). T cell signalling pathways are also impaired by ageing, 

for example by defective immune synapse formation and dysregulated translocation of 

transcription factors to the nucleus (Fulop et al., 2014). 

1.3.2.2. B cells

Similarly to T cells, the generation of new B cells declines with age in both mice and 

humans (Lin et al., 2016; Yanes et al., 2017). Mouse studies have attributed the reduced 

B cell output to age-related increases in inflammation in the bone marrow microenvi-

ronment (Stephan, Sanders & Witte, 1996; Henry et al., 2015). Additionally, as discussed 

above, haematopoietic stem cells become dysregulated with age, skewing away from 

lymphoid commitment and towards myeloid fates, contributing to the decline in naïve 

B cell output (Pang et al., 2011). As with T cells, memory B cells and B cells producing 

IgG/IgA (i.e. class-switched B cells) accumulate with age (Listì et al., 2006; Colonna-Ro-

mano et al., 2006; Bulati et al., 2011). This impairs the ability to recognise novel antigens 

with increasing age. In terms of antibody secretion functionality, plasma cells are less 

abundant in the bone marrow of elderly people, aged memory B cells differentiate into 

plasma cells less readily, and aged memory B cells produce less antibody after antigen 

challenge (Howard, Gibson & Dunn-Walters, 2006; Pritz et al., 2015). The most specific, 

high-affinity antibodies are produced by B cells undergoing class-switch recombination 

(CSR) and somatic hypermutation (SHM) in germinal centres. Both CSR and SHM are 

impaired in ageing, and are related to an age-associated decline in the expression of 

activation-induced cytidine deaminase (AID) (Frasca et al., 2004; Blomberg & Frasca, 

2013). AID activity correlates with antibody affinity after influenza A virus vaccination, 

highlighting the importance of proper CSR/SHM for B cell function in the elderly (Khu-
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rana et al., 2012). As a result of both dimished naïve B cell output and impaired germinal 

centre interactions, the diversity of the B cell repertoire also declines with age (Gibson 

et al., 2009; Jiang et al., 2013). The emergence of a unique subset of B cells, termed 

age-associated B cells (ABCs), has been reported in both mice and humans (Hao et al., 

2011; Rubtsov et al., 2011; Jenks et al., 2018). ABCs are described as mostly quiescent, 

but highly auto-inflammatory, secreting autoantibodies, and expand in the context of viral 

infections or auto-immune diseases (Rubtsova et al., 2013; Knox et al., 2017; Wang et al., 

2018a). 

Taken together, the number, function, and microenvironment of adaptive immune cells 

is profoundly altered in ageing, resulting in blunted immune responses to infections and 

vaccinations, and a higher risk of auto-immunity. 

1.4. Respiratory infections in the elderly

Elderly people are prone to more frequent and more severe infection, including respi-

ratory infection. The airways are constantly exposed to air potentially containing patho-

gens, and as such are a common route of infection. In England and Wales in 2011, the 

over-65 age group accounted for 60% of hospitalisations (~200,000) for pneumonia or 

acute lower respiratory tract infection (LRTI), but crucially, almost 80% of bed days (~2.5 

million) for pneumonia or acute LRTI (Snell et al., 2016). As discussed above, the high-

er susceptibility to respiratory infection in elderly people is probably due to age-related 

quantitative and qualitative changes in the immune response, coupled with lower vac-

cine efficacy in elderly. Throughout the past decades, it has become increasingly evident 

that a major burden of respiratory infectious disease in the elderly population is due to 

Respiratory Syncytial Virus (RSV) infection (Nicholson, 1996; Cherukuri et al., 2013; Lee 

et al., 2017; Ackerson et al., 2018). Severe RSV infection is considered to be a classical 

paediatric condition, particularly of very young children (<6 months), however, statistical 

models have been used to estimate that the majority (78%) of all RSV-associated deaths 

in the United States occur in those aged over 65 years (Thompson, 2003). Globally, this 
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may result in an annual number of deaths of elderly people from RSV infection in excess 

of 50,000 (Troeger et al., 2017). It is also important to consider that the burden of RSV 

disease in elderly patients is probably underestimated, because it is frequently undiag-

nosed or misdiagnosed as other respiratory infections such as influenza virus infection 

or rhinovirus infection, based on its similar symptoms. There is currently no vaccine for 

RSV and treatment is predominantly supportive. The pathogenesis of RSV in the elder-

ly is insufficiently understood, and infection is likely to interact with pre-existing health 

conditions, such as muscle weakness and chronic lung and heart disease, which are 

common in elderly people. The elderly are also more likely to have more than one pre-ex-

isting condition. The concept of “multi-morbidity”, the co-existence of multiple factors in-

fluencing morbidity, is often insufficiently addressed in basic research particularly when 

using animal models (Figure 1-2). This thesis will investigate how aspects of ageing and 

Inactivity

Mental health

Age

Muscle
wasting

Chronic
disease

Infectious
disease

Figure 1-2 Factors in multimorbidity in the elderly

Diagram exemplifying how various aspects of ageing interact with one another. Age increases the sus-
ceptibility to both chronic and infectious disease. Age is associated with – but not necessarily causative 
of – lower levels of activity and poorer mental health. Age-associated muscle wasting (sarcopenia) is com-
monly observed, but can be prevented with exercise. These factors can interact, for example, the presence 
of chronic disease is likely to lead to inactivity and further muscle wasting, exacerbating the functional 
decline that constitutes ageing. 
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an age-related condition, muscle wasting, interact with RSV infection, using an elderly 

mouse model. 

1.5. Respiratory Syncytial Virus (RSV)

1.5.1. The discovery of Respiratory Syncytial Virus

In 1956, a hitherto unknown pathogen was isolated from a chimpanzee with coryza (Mor-

ris, Blount & Savage, 1956). The pathogen, then named “Chimpanzee Coryza Agent” 

(CCA), was found to induce acute respiratory illness and a specific antibody response 

when cultured and administered to susceptible chimpanzees. Antibodies to CCA were 

also detected in the sera of a number of children and young adults, suggesting that the 

novel pathogen may be capable of infecting humans. This was quickly followed by pio-

neering work by Chanock and colleagues (Chanock & Finberg, 1957; Chanock, Roizman 

& Myers, 1957). Two novel viruses isolated from children with severe lower respiratory 

tract illness were found to be indistinguishable from CCA in terms of size, reactivity to 

complement-fixing and neutralising antibody, and cytopathogenic effects. Chanock and 

colleagues were also first to describe the virus’ striking ability to induce the formation of 

large, multi-nucleated syncytia in cell cultures (Chanock, Roizman & Myers, 1957). Al-

though at this point, the causal connection between infection and respiratory illness was 

tentative, it was noted that serum antibody to the new virus was so common (even in the 

control group of children without acute respiratory illness) as to imply almost ubiquitous 

infection. By the age of 4 years, 80% of children in the study had acquired neutralising 

antibodies (Chanock & Finberg, 1957). The pervasiveness of antibodies acquired at a 

young age may have implied protection and less frequent infection with the novel virus 

at older ages. However, almost a quarter of a different study population in their mid-twen-

ties were also found to have antibodies to the new virus. Chanock and Finberg correctly 

predicted that reinfection with the novel virus was possible throughout life, perhaps due 

to waning antibody levels. Finally, it was suggested that Chimpanzee Coryza Agent be 

renamed “Respiratory Syncytial Virus” due to its proven ability to infect humans and the 

characteristic production of syncytia in cell culture (Chanock & Finberg, 1957). 
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1.5.2. The structure of Respiratory Syncytial Virus 

Respiratory Syncytial Virus (RSV) was historically classed as a Paramyxovirus but is now 

considered part of the genus Orthopneumovirus of the family Pneumoviridae in the or-

der Mononegavirales (Rima et al., 2017). The RSV genome is a single strand of negative 

sense RNA, packaged into an enveloped virion studded with glycoproteins. The RSV viri-

on was assumed to take a spherical shape like many other viruses, but electron micros-

copy has confirmed that RSV virions are highly heterogeneous and can take spherical, 

filamentous, or intermediate shapes (Liljeroos et al., 2013). The 15.2kb RSV genome con-

tains 10 genes encoding 11 known proteins (Figure 1-3). The genes, in order from the 3’ 

end of the genome, are: NS1, NS2, N, P, M, SH, G, F, M2, and L. The M2 gene contains 

two open reading frames, yielding two proteins, M2-1 and M2-2 (Jin et al., 2000). The F, 

G, and SH genes encode surface glycoproteins that stud the virion envelope, the F and 

G proteins mediate viral entry into host cells (Levine, Kaliaber-Franco & Paradiso, 1987; 

Krusat & Streckert, 1997; Fuentes et al., 2007). The SH (small hydrophobic) protein forms 

pentameric ion channels thought to promote viral particle release (Gan et al., 2008, 2012; 

Rixon et al., 2004; Triantafilou et al., 2013). The P and L genes encode the constituents of 

the viral RNA-dependent RNA polymerase. The genome is packaged with nucleoprotein 

(encoded by the N protein) to form helical ribonucleoprotein (RNP) complexes, which 

associate with P and L protein (Grosfeld, Hill & Collins, 1995). The M and M2 genes en-

code matrix proteins that provide virion stability and shape, and M2-1 protein additionally 

binds the RNP complexes (Tawar et al., 2009; Kiss et al., 2014). The M2-2 protein medi-

ates switching from transcription to replication of the genome (Bermingham & Collins, 

1999). The NS (non-structural) proteins have immune interfering roles such as inhibiting 

host cell apoptosis and interferon responses (Spann, Tran & Collins, 2005; Bitko et al., 

2007). Two antigenic types of RSV exist, RSV A and RSV B, which differ mainly in the mu-

cin-like domains of the G protein (Anderson et al., 1985; Mufson et al., 1985). The A strain 

of RSV is more widespread and causes more severe infection (Hall et al., 1990; Imaz et 

al., 2000; Gilca et al., 2006).



27

Respiratory Syncytial Virus (RSV)

1.5.3. The lifecycle of RSV

RSV predominantly infects the ciliated epithelial cells of the upper respiratory tract, in-

cluding the upper airways and small bronchioles (Zhang et al., 2002a). Attachment of 

virions to the apical surface of host cells is known to be mediated by the G protein, but 

the cellular receptor that is bound by G protein is unclear (Levine, Kaliaber-Franco & 

Paradiso, 1987). A candidate cellular receptor is CX3CR1 (fractalkine receptor), which is 

expressed on the apical surface of ciliated epithelial cells. Mice deficient in fractalkine 

receptor are less susceptible to RSV infection (Johnson et al., 2015). Fusion of the viral 

membrane and the host cell membrane is mediated by F protein, which is found in tri-

mers on the viral envelope (Walsh & Hruska, 1983). The F protein trimer can exist in two 

conformations, an energetically labile pre-fusion (pre-F) state and a more robust post-fu-

sion (post-F) state (McLellan et al., 2011, 2013). F proteins in both conformations can be 

present on a virion surface at a given time (Liljeroos et al., 2013). During viral entry, F pro-

tein in the pre-fusion conformation is inserted into the cell membrane. A conformational 

change to the post-fusion form creates a fusion pore, through which the viral genome 

is released into the cytoplasm of the target cell (McLellan et al., 2011, 2013). In the host 

cell cytoplasm, the viral RNA-dependent RNA polymerase complex, consisting of L, P, 

and N proteins, transcribes and replicates the RSV genome (Fearns, Peeples & Collins, 

2002). Viral mRNAs are then translated and processed by host cell machinery. RSV par-

ticle assembly occurs at the cell plasma membrane (Gower et al., 2005; Ke et al., 2018). 

F proteins in the cell membrane assemble into lipid rafts and recruit M proteins through 

interactions with their F cytoplasmic tails (Liljeroos et al., 2013). The self-assembly of 

multiple M proteins into tubular helical sheets at the budding site drives the extrusion of 

a filamentous virion (Mitra et al., 2012). A layer of M2-1 protein underneath the sheet of 

M protein recruits the viral RNP into the budding virion (Li et al., 2008; Kiss et al., 2014). 

Finally, virions bud off, incorporating a variable amount of the cell plasma membrane. 

Redistribution of F protein on the virion surface and disassembly of the internal M protein 

layer may induce a shape change from filamentous to spherical (Liljeroos et al., 2013).  
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Figure 1-3 The structure and genome of RSV

a. Diagram of RSV virion particles (not to scale). RSV can take spherical, filamentous, or intermediate forms. 
The host-derived lipid bilayer envelope is studded with fusion (F) protein, attachment glycoprotein (G), and 
small hydrophobic (SH) protein. The inside of the virion is lined with matrix (M) protein and M2-1 protein. 
The genome associates with nucleoprotein (N) and is packed into helical filaments that associate with the 
large polymerase subunit (L) protein and phosphoprotein polymerase cofactor (P) protein, which make up 
the viral RNA-dependent RNA polymerase. b. Diagram of the genome of RSV. RSV encodes 10 genes in its 
15.2kb single-stranded, negative sense RNA genome. The genes yield 11 protein products, because the 
M2 gene encodes both the M2-1 and M2-2 variants. Adapted by permission from Springer Nature: Nature 
Reviews Microbiology (Respiratory syncytial virus entry and how to block it, Battles & McLellan, 2019) (see 
Appendix). 
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1.6. RSV pathogenesis 

RSV causes annual epidemics during the winter months (in the UK: November – March) 

(Shi et al., 2017). In healthy, immunocompetent adults, RSV causes a self-resolving com-

mon-cold-like illness. However, at the extremes of age, RSV infection can induce severe 

illness including bronchiolitis and viral pneumonia (Hall et al., 1990). RSV is a major cause 

of acute lower respiratory tract infection in children worldwide, and the most common 

cause of hospitalisation of infants in developed countries such as the UK (Shi et al., 2017; 

Reeves et al., 2019). It has been estimated that globally, RSV causes 33.1 million episodes 

of acute lower respiratory tract infection in children under the age of five years, of which 

3.2 million (just under 10%) require hospitalization (Shi et al., 2017). Symptoms of RSV 

Gene Protein name Protein function Reference

NS1 Non-Structural protein 1 Inhibition of apoptosis and interferon  
responses

Spann, Tran & Collins, 2005; 
Bitko et al., 2007

NS2 Non-Structural protein 2 Inhibition of apoptosis and interferon 
responses

Spann, Tran & Collins, 2005; 
Bitko et al., 2007

N Nucleoprotein RNP stability, RNA protection Grosfeld, Hill & Collins, 1995

P Phosphoprotein polymerase 
cofactor

RNA-dependent RNA polymerase 
co-factor

Fearns, Peeples & Collins, 
2002

M Matrix protein Virion structure and stability Mitra et al., 2012

SH Small Hydrophobic protein Inhibition of TNFα signalling Fuentes et al., 2007

G Attachment Glycoprotein Host cell attachment Levine, Kaliaber-Franco & 
Paradiso, 1987

F Fusion protein Host cell and viral membrane  fusion, 
syncytium formation Walsh & Hruska, 1983

M2
M2-1 Matrix protein 2-1 Association between M and RNP Li et al., 2008; Kiss et al., 2014

M2-2 Matrix protein 2-2 Switch from transcription to translation Bermingham & Collins, 1999

L Large polymerase subunit RNA-dependent RNA polymerase Fearns, Peeples & Collins, 
2002

Table 1-1 Proteins encoded by the RSV genome

The RSV genome contains 10 genes which encode 11 protein products. They are listed here in the order 
in which they are encoded from the 3’ end to the 5’ end. 
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infection include coryza, rhinorrhoea, fever, tachypnoea, sneezing, and coughing. The 

lungs of children with severe RSV bronchiolitis contain a prominent infiltrate of immune 

cells, predominantly neutrophils, CD8+ T cells, and CD69+ monocytes (Johnson et al., 

2007). Immune cells are also commonly found in the airway lumen, where they caused 

airway obstruction in conjunction with mucus, oedema, and cellular debris caused by 

the infection. The airway fluids of children with severe RSV infection contain high levels 

of pro-inflammatory mediators such as TNFα, IL-6, IL8, CXCL10, CCL2, and CCL3 (Mc-

Namara et al., 2004, 2005). The symptoms from RSV infection are thought to be due in a 

large part to an overexuberant immune response (immunopathology), particularly T cell 

activity (Varga et al., 2001; Schmidt et al., 2018). However, considering the fact that immu-

nocompromised children are more likely to develop severe RSV disease, viral load may 

also play a role in determining severity (Hall et al., 1986). This suggests that in response 

to RSV infection, the immune system can simultaneously fail to effectively control viral 

replication, and respond in an inappropriate manner that drives disease. 

1.6.1. RSV is a significant pathogen of the elderly

The global burden of RSV disease in the elderly has been difficult to quantify. Firstly, data 

from Low and Middle Income Countries (LMIC), where the RSV burden in all age groups 

is suspected to be substantial, is scarce, since diagnosis and hospitalisation occurs less 

frequently than in resource-rich countries (Shi et al., 2019). Secondly, as mentioned ear-

lier, the RSV disease burden in the elderly is likely to be highly underestimated, as elderly 

patients with pneumonia or bronchitis are rarely tested for the causative agent, and RSV 

may be misdiagnosed as a similarly-presenting respiratory infection such as influenza or 

rhinovirus. Shi et al. (2019) estimated that there were 1.5 million episodes of acute RSV 

infection in elderly people in industrialised countries in 2015, of which approximately 

14.5% required hospital admission. They further estimated that there were approximate-

ly 14,000 in-hospital deaths of elderly people from acute RSV infection globally. This con-

trasts with other studies that suggest the death toll from RSV infection in elderly people 

in the United States alone may lie between 11,000-14,000 annually (Thompson, 2003; 
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Falsey & Walsh, 2005). The reasons for a higher susceptibility of elderly people to severe 

RSV infection are not fully known, and likely include many factors, such as decreased 

lung elasticity, the barrier function of lung epithelia weakening, microbiome changes, 

and of course, changes in immune cell composition and function. RSV infection is also a 

major cause of exacerbation of underlying conditions such as COPD and asthma which 

are more common in the elderly, often requiring hospitalisation (Lee et al., 2013).

1.6.2. The immune response to RSV infection

1.6.2.1. The innate immune response to RSV infection

The innate immune response plays an important role in detecting and fighting early RSV 

infection, and shapes the development of the adaptive immune response. Cells recog-

nise components of RSV via three main types of pattern recognition receptors (PRRs): 

TLRs, RIG-I-like receptors (RLRs), and NOD-like receptors (NLRs) (Sun & López, 2017). 

Cell-external RSV envelope protein can be sensed by TLR2/6, and endosomal RSV RNA 

can be sensed by TLR3 and TLR7 (Rudd et al., 2006; Murawski et al., 2009; Lukacs et al., 

2010). These TLRs signal via myeloid differentiation primary response gene 88 (MyD88) 

and/or TIR-domain-containing adapter-inducing interferon-β (TRIF) to activate transcrip-

tion factors, such as interferon regulatory factors (IRFs) and NF-κB. IRFs and NF-κB trans-

locate to the nucleus and induce the expression of type I and III interferons and other 

pro-inflammatory cytokines. Interferons are secreted by the cell and subsequently signal 

in an autocrine or paracrine way to promote the expression of diverse antiviral interfer-

on-stimulated genes (ISG) (López & Hermesh, 2011). Type I IFN signalling is crucial to the 

antiviral and inflammatory response to RSV in mice (Goritzka et al., 2014). The cytosolic 

sensors Retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated 

protein 5 (MDA5) are a major pathway for detection of RSV double-stranded RNA. RIG-I 

signalling also converges on promoting the type I IFN response (Liu et al., 2007; Bhoj et 

al., 2008; Gitlin et al., 2010; Yoboua et al., 2010; Grandvaux et al., 2014; Kim et al., 2014). 

Nucleotide-binding oligomerization domain containing 2 (NOD2), a NLR, is another cyto-

solic sensor that can detect RSV single-stranded RNA, which signals through the same 
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adaptor as RIG-I and MDA5, mitochondria antiviral-signaling protein (MAVS) (Sabbah 

et al., 2009). Other NLRs, such as NLRP3, form multimeric inflammasome complexes in 

response to RSV detection by TLR2 (Segovia et al., 2012; Triantafilou et al., 2013). As de-

scribed in a previous section RSV encodes gene products that interfere with the innate 

immune response. NS1 and NS2 associate with and promote the degradation of various 

innate immune components, including RIG-I and IRF3, to prevent the synthesis of type I 

interferons (Teng & Collins, 1999; Jin et al., 2000b; Spann et al., 2004; Swedan, Musiyenko 

& Barik, 2009). This highlights the importance of the innate immune system to RSV con-

trol. RSV infection causes different types of cell stress, including endoplasmic reticulum 

(ER) overloading with RSV glycoproteins that leads to activation of the unfolded protein 

response, transcriptional stress due to stalled RSV mRNAs, and oxidative stress, that pro-

motes further inflammatory and antiviral transcriptional activation (Bitko & Barik, 2001; 

Lindquist et al., 2010; Soucy-Faulkner et al., 2010; Cervantes-Ortiz, Cuervo & Grandvaux, 

2016). The detection of RSV in a cell can also induce apoptosis by both cell-extrinsic 

and cell-intrinsic pathways in an attempt to prevent further viral replication. The cell-ex-

trinsic apoptosis is mediated by tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL) and death receptor 4 and 5 (DR4/5), and the cell-intrinsic apoptosis is mediated 

by proteins of the B-cell lymphoma 2 (Bcl-2) family localising to the mitochondria. Both of 

these pathways converge on the activation of caspase 3 that induces apoptosis (Kotelkin 

et al., 2003; Nakamura-Lopez, Villegas-Sepúlveda & Gómez, 2015).

1.6.2.2. How is innate immunity to RSV altered in ageing?

The majority of our knowledge on the effect of ageing on the innate immune response 

to RSV comes from animal models. Pennings et al. found that the lung transcriptional 

profile of aged mice was characterised by dysregulation of the immune system and met-

abolic alterations (Pennings et al., 2018). In addition, RSV infection induced stronger type 

I IFN pathway activation in the lungs of old mice than in young mice, in spite of exagger-

ated disease and higher viral load in the aged mice. This suggests that the increased 

susceptibility and severity of RSV in old age is not exclusively due to a failure to induce 



33

RSV pathogenesis 

strong innate immunity. Several studies have found that TLR expression is reduced with 

ageing (Dunston & Griffiths, 2010; Shaw et al., 2011; Volkova et al., 2012). This has not 

been specifically investigated in the context of RSV but may contribute to lower respon-

siveness of the aged innate immune system to RSV. Inflammageing has been associated 

with inhibition of TLR and downstream NF-κB signalling in the lungs, particularly alveolar 

macrophages, of aged mice (Hinojosa, Boyd & Orihuela, 2009; Hinojosa et al., 2014). 

The infiltrating cells in the lungs of aged or progeroid RSV-infected mice and cotton rats 

are predominantly granulocytes, especially neutrophils (Curtis et al., 2002; Liu & Kimura, 

2007; Wong et al., 2014). As discussed in an earlier section, the increased recruitment 

and less efficient chemotaxis of neutrophils with age may contribute to increased tissue 

damage. The production of type I and II interferons and TNFα, which are crucial for viral 

control, in response to RSV infection is decreased in the elderly, whereas the produc-

tion of IL-1β and IL-4 is increased (Liu & Kimura, 2007; Boukhvalova et al., 2007; Ditt et 

al., 2011; Wong et al., 2014). This is likely to hinder the ability of innate cells to induce T 

cell proliferation and functional CD8+ T cell responses (Zhang et al., 2002b; Fulton et al., 

2013). Studies using influenza A virus infection have shown that monocytes from aged 

mice have reduced interferon production, but intact inflammasome induction (Pillai et 

al., 2016). This dysfunction in TLR signalling may impede the innate immune response to 

RSV with advancing age. NK cell cytotoxicity in response to RSV infection is also reduced 

with age in mice (Zhang et al., 2002b; Liu & Kimura, 2007). A recent study has suggested 

dysregulation of DCs as the cause for overall suboptimal immunity to RSV infection (Le 

Nouën et al., 2019). Compared to influenza A virus infection, RSV infection poorly stimu-

lated the upregulation of maturation markers and cytokine production in monocyte-de-

rived DCs from both cord blood and adult blood in vitro. This RSV-intrinsic impairment 

of DC activation and trafficking may be further exacerbated in ageing, since the migra-

tory capacity of DCs decreases with age, for example the number of DCs recruited to 

the lymph nodes after RSV infection was significantly lower in elderly mice compared to 

young (Zhao et al., 2011). 
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1.6.2.3. The antibody response to RSV infection

The adaptive immune response, and the generation of high-affinity, pathogen-specific 

antibodies, is important to the efficient defence against infectious disease. Dendritic 

cells carrying antigen migrate to secondary lymphoid tissues such as the lymph nodes 

or spleen to present antigen to B and T cells which circulate through these tissues (Nutt 

et al., 2015). Upon encountering their cognate antigen, B cells are retained in secondary 

lymphoid organs such as spleen and lymph nodes and differentiate to highly prolifer-

ative B lymphoblasts which can perform class-switch recombination (CSR) to change 

the isotype of their secreted antibody. Lymphoblasts then take one of two paths. They 

may further differentiate into short-lived antibody-secreting plasmablasts, but because 

they do not undergo somatic hypermutation, their antibodies are of low affinity (Chiu & 

Openshaw, 2015). Alternatively, lymphoblasts can continue to interact with specialised 

dendritic cells called follicular dendritic cells (fDC) and specialised antigen-specific T 

cells, termed T follicular helper (Tfh) cells found in the lymphoid follicle and proliferate 

to form a germinal centre (Heesters, Myers & Carroll, 2014). Tfh cells are a subset of 

CD4+ T helper cells specialised to provide survival and differentiation signals to B cells in 

germinal centres (Linterman, 2014). Germinal centres are highly specialised microenvi-

ronments in which B cells undergo somatic hypermutation and affinity maturation, being 

iteratively selected for high-affinity antibody production. The resultant B cells can dif-

ferentiate to antibody-secreting plasma cells or long-lived memory B cells. In mice, the 

germinal centre microenvironment is known to become disorganised with age (Aw et 

al., 2016), and germinal centres formed are smaller (Linterman, 2014; Thompson et al., 

2017). The lymph nodes of elderly mice exhibit less defined boundaries between T and B 

cell zones and signs of fibrosis, an altered lymph node architecture that impairs cell traf-

ficking (Richner et al., 2015; Becklund et al., 2016). Together with lower numbers of naïve 

T cells as a result of age-related thymic atrophy, and increased senescence in protective 

memory T cells, this germinal centre dysfunction may help to explain why the elderly 

generally produce lower serum antibody titres after vaccination (Boraschi et al., 2013). 
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1.6.2.4. Are RSV-specific antibodies protective?

As Chanock and Finberg discovered in the 1950s, serum antibodies to RSV are found 

in almost all humans tested from an early age onwards. In adults, there is some corre-

lation between levels of RSV-specific antibody and protection from future infection, but 

protection is incomplete (Hall et al., 1991). Further evidence that RSV antibodies can be 

protective comes from the fact that the best correlate of protection for RSV infection in 

infants is maternal antibody titre, and that an RSV-specific monoclonal antibody, palivi-

zumab, can be used as a prophylactic to prevent RSV infection in infants (Glezen et al., 

1981; Ogilvie et al., 1981; Stensballe et al., 2009; Ochola et al., 2009; Chu et al., 2014). A 

key feature of RSV is that natural infection generates only a transient and weakly protec-

tive immunological memory response, a phenomenon termed “immunological amnesia” 

(Habibi et al., 2015; Openshaw et al., 2017). Even in immunocompetent adults, antibody 

titres return to baseline within a few months of RSV infection (Habibi et al., 2015). This fa-

cilitates frequent reinfection throughout life, despite little antigenic variation in the virus 

(Hall et al., 1991). The causes of this immunological amnesia are unknown but of crucial 

interest to the development of vaccines and treatments. Since high baseline levels of 

serum RSV-specific antibodies are to some extent protective, many vaccine studies use 

serum IgG as a correlate of protection. However, in a study of experimental RSV chal-

lenge in adult volunteers, RSV-specific nasal IgA correlated better with protection from 

RSV infection than baseline serum neutralizing antibody, but neither guaranteed com-

plete protection even at high levels (Habibi et al., 2015). This study also identified a strik-

ing impairment in the generation of IgA-producing RSV-specific memory B cells. Short-

lived IgA-producing B cells were robustly induced, but long-lived RSV-specific memory B 

cells were almost undetectable both prior to challenge and one month after challenge. 

These results suggest that immunological amnesia may be due to RSV interfering with 

the proper generation of a protective mucosal IgA antibody response. This putative RSV 

immune evasion strategy combined with general age-associated impairment in germinal 

centre interactions may contribute to the higher susceptibility and repeated re-infection 
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of elderly people with RSV. 

1.6.2.5. The role of RSV-specific antibody in the elderly

The role of RSV-specific circulating antibody in preventing RSV disease is unclear. One 

might assume that the humoral response wanes with age, predisposing the elderly to 

RSV infection. Indeed, low baseline serum levels of RSV-specific antibodies in elder-

ly people have been associated with a higher risk of RSV infection and a more severe 

course of disease (Falsey & Walsh, 1998; Walsh, Peterson & Falsey, 2004). However, on 

average, there may be no difference in baseline serum neutralising titres between young 

and elderly people (Walsh & Falsey, 2004; Cherukuri et al., 2013). Additionally, RSV infec-

tion induces a strong serum neutralising antibody response in elderly people, which may 

be due to higher viral loads or a stronger inflammatory response in elderly people (Agius 

et al., 1990; Walsh & Falsey, 2004). The strong antibody response may imply there is no 

fundamental defect in the generation of an RSV-specific antibody response in the elder-

ly. Another potential reason for a strong antibody response may be that elderly people 

are infected with RSV more frequently and a poor immune response ensures prolonged 

exposure to antigen. 

1.6.2.6. The role of CD8+ T cells during RSV infection 

On the one hand, CD8+ T cells have a key role in orchestrating the immune response, 

including secreting IFNγ and promoting the recruitment of other cells, particularly eo-

sinophils and neutrophils (Schmidt & Varga, 2018). CD8+ T cells are important for viral 

clearance during primary RSV infection, as depletion of CD8+ T cells increases viral load 

(Graham et al., 1991). Intranasal administration of recombinant IFNγ leads to faster RSV 

clearance in both adult and neonatal mice (Eichinger et al., 2015, 2017). On the other 

hand, CD8+ T cells may also contribute to immunopathology by promoting high levels of 

inflammation. Rodent models have shown that CD8+ T cells are key drivers of RSV-asso-

ciated weight loss, lung damage, eosinophilia and airway hyperresponsiveness, mostly 

due to their prolific production of IFNγ and TNFα (Schwarze et al., 1999; Castilow et al., 

2008; Schmidt et al., 2018). Depletion of CD8+ T cells or inhibition of IFNγ was able to 
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prevent these effects. Concordant with this, IFNγ-knockout mice and mice treated with 

a monoclonal antibody to IFNγ develop develop stronger inflammation, but also exhibit 

less severe immunopathology (van Schaik et al., 2000; Ostler, Davidson & Ehl, 2002). Ex-

cessive IFNγ signalling may also be detrimental to the antibody response, as depletion 

of IFNγ during RSV infection of neonatal mice significantly increased their RSV-specific 

antibody titre (Tregoning et al., 2013). 

The memory response of CD8+ T cells in the tissue (T tissue-resident memory cells, Trm) 

has elicited particular interest due to the recurrent nature of RSV infection. The transfer 

of RSV-specific CD8+ Trm cells into naïve mice reduces viral load and protects them from 

severe RSV disease (Kinnear et al., 2018). In adults experimentally challenged with RSV, 

the abundance of pulmonary RSV-specific CD8+ Trm cells at baseline correlates with 

reduced symptom severity and viral load (Jozwik et al., 2015). These studies suggest 

that CD8+ T cells, particularly tissue-resident memory CD8+ Trm cells, contribute towards 

RSV clearance. However, the development of CD8+ Trm cells from previous RSV infec-

tions may also poise the immune response to an overreaction to subsequent infections. 

For example, CD8+ Trms developed after relatively mild neonatal RSV infection of mice 

drive enhanced disease in secondary infection, which can be attenuated by the deple-

tion of CD8+ T cells (Tregoning et al., 2008). This finding emphasises that great caution 

must be taken in the development of future RSV vaccines that may aim to generate cel-

lular immunity to RSV. 

1.6.2.7. CD8+ T cells and cytokine production during RSV infection of the 
elderly

Elderly humans have been reported to have various impairments in cellular immunity 

to RSV infection. The number of peripheral RSV-specific CD8+ T cells declines with in-

creasing age, despite more frequent RSV infection (de Bree et al., 2005; Cusi et al., 2010; 

Cherukuri et al., 2013). Upon stimulation, the RSV-specific T cells of elderly people also 

display lower IFNγ production and higher IL-10 production compared to cells from young 

individuals, suggesting a switch away from cytotoxic activity and towards anti-inflamma-
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tory activity (Looney et al., 2002; Cusi et al., 2010; Cherukuri et al., 2013). However, many 

of these studies are based on ex vivo stimulation of PBMCs with RSV and are not nec-

essarily representative of the aged immune response to RSV in vivo. These features are 

also seen in aged animal models. Lower levels of RSV-specific CD8+ T cells are observed 

in elderly mice infected with RSV (Zhang et al., 2002b; Fulton et al., 2013). In one study, 

after primary RSV infection, fewer RSV-specific CD8+ T cells in the lungs and airways of 

elderly mice produced IFNγ following ex vivo peptide challenge. However, during RSV 

re-challenge, the capacity of RSV-specific memory T cells to produce IFNγ was similar 

between young and elderly mice (Fulton et al., 2013). Both elderly humans (Walsh et 

al., 2013) and elderly mice (Zhang et al., 2002b; Fulton et al., 2013; Wong et al., 2014) 

have higher viral titres after RSV infection and tend to shed virus longer than comparable 

young controls. 

1.6.3. Treatment and prevention of RSV infection

Treatment for RSV is currently exclusively supportive. The NHS licenses the use of Paliv-

izumab, a humanized monoclonal antibody against the RSV F protein, as prophylaxis 

for infants at high risk of severe RSV disease. However, the high cost of the drug and 

concerns about the timing of administration have so far prohibited more widespread 

use (Wang et al., 2008; Ohler & Pham, 2013). A number of candidate vaccines against 

RSV are currently in trials (Higgins, Trujillo & Keech, 2016). Efforts to develop a vaccine 

against RSV have been slowed and overshadowed by the disastrous results of a vaccine 

trial using formalin-inactivated RSV in the 1960s (Kapikian et al., 1969; Kim et al., 1969). 

Subsequent natural RSV infection triggered an exaggerated severe immune response 

in a high proportion of participants given the formalin-inactivated RSV vaccine. Two chil-

dren given the formalin-inactivated RSV vaccine died. Development of a vaccine for RSV 

is further complicated by the fact that vaccines tend to be less effective in the elderly, 

despite the elderly being an important target group due to their higher susceptibility and 

higher risk of severe disease (McElhaney et al., 2012). Research and development into 

treatments and vaccines for RSV is urgently needed due to the high burden of disease 
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in both young children and the elderly, and must take into account the age-related differ-

ences in the immune response to RSV to ensure efficacy. 

1.7. Skeletal muscle in ageing and disease

Early work by the Culley group had established that elderly mice lost more weight in 

response to RSV infection than young mice. It was hypothesised that part of the weight 

lost was skeletal muscle mass. Muscle mass is a key determinant of frailty, morbidity 

and mortality in old age (Wheeler et al., 1998; Swallow et al., 2007; Landi et al., 2013; 

Arango-Lopera et al., 2013), and increased muscle wasting is observed with repeated 

or chronic infections (Spruit et al., 2003; Pitta et al., 2006; Paton & Ng, 2006). Preliminary 

experiments in the group had additionally established that elderly mice produced large 

amounts of IL-6, a known “myokine” (muscle cytokine), in response to RSV infection (See 

also Section 1.7). It was hypothesised that RSV infection in the context of ageing may 

promote skeletal muscle wasting, with important clinical implications. 

1.7.3.1. Skeletal muscle is a metabolically dynamic tissue

Skeletal muscle is what keeps our bodies upright and allows our bodies to generate 

force to interact with the outside world. Because muscle contraction requires the expen-

diture of large amounts of ATP, an organism’s muscle mass must be tightly controlled 

to avoid the waste of precious energy. As a result, muscle exists in a constant balance 

between being built up (hypertrophy) and broken down (atrophy). A loss of muscle mass 

is due to a net imbalance between hypertrophy and atrophy, whether it be a decrease in 

hypertrophy, increase in atrophy, or a combination of both. Muscle mass is regulated by 

a plethora of local and circulating factors on either side of the balance. This section will 

describe a selection of these pathways. However, this is not exhaustive. Other factors 

and pathways that modulate muscle mass that will not be described here include insulin, 

growth hormone, testosterone, Activin A, IL-1β, and reactive oxygen species. 

1.7.3.2. The structure of skeletal muscle

Skeletal muscle is a highly specialized tissue. It consists of many muscle fibres (myofi-

bres) embedded in a network of connective tissue that is contiguous with the tendons 
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which are connected to the bones (Zammit, 2017). Each myofibre is a syncytial structure 

containing myofibrils and multiple post-mitotic myonuclei. Myofibrils are bundles of indi-

vidual sarcomeres consisting of actin (thin filaments) and myosin (thick filaments). The 

ATP-dependent interaction of myosin and actin causes a shortening of the sarcomere, 

which generates physical force. The different isotypes of myosin heavy chain (MyHC) 

determine the contractile and metabolic characteristics of a muscle fibre. Four different 

types of MyHC are found in mammalian skeletal muscle, MyHC type I, type IIA, type IIB, 

and type IIX. Muscle fibres expressing MyHC type I, also known as “type I fibres” or “slow 

twitch” fibres have a slow contraction time and do not generate a lot of power, but they 

are highly resistant to fatigue (Schiaffino & Reggiani, 2011). Type I fibres have a high oxi-

dative capacity but low glycolytic capacity which makes them suited to aerobic activities. 

The “fast twitch” fibres include those expressing MyHC type IIA, IIB, and IIX. These fibres 

generally produce more power than type I fibres but are more prone to fatigue. Type IIA 

fibres contract moderately fast, generate a moderate amount of power, and have a fairly 

high resistance to fatigue. They have both a high oxidative capacity and a high glycolytic 

capacity. Type IIB fibres by contrast contract very fast and can generate a large amount of 

power. However, the fibres fatigue quickly and the power can only be sustained for a very 

short amount of time. Type IIB fibres have a low oxidative capacity and a high glycolytic 

capacity which makes them suitable to short-term anaerobic activities that require quick 

bursts of power. Type IIX fibres have properties intermediate between type IIA and IIB.

The myonuclei found in skeletal muscle are post-mitotic and thus cannot contribute to 

muscle repair or regeneration. Novel muscle growth is derived from muscle stem cells, 

called satellite cells. Satellite cells are located between the plasmalemma and the basal 

lamina that encapsulate a myofibre (Biressi & Rando, 2010). Satellite cells are quiescent 

at steady state in adult muscle, but are readily activated in response to injury or hypertro-

phic signals. Satellite cells proliferate and differentiate into myoblasts, which then fuse 

into existing myofibres, or can fuse together to form myofibres de novo (Wright, Sassoon 

& Lin, 1989; Collins et al., 2005) The nuclei of the former myoblasts then become the 
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Figure 1-4 Factors governing growth and atrophy of skeletal muscle

Diagram of a selection of factors and pathways influencing the growth (left side) and atrophy (right side) of 
skeletal muscle. The IGF-1/Akt/mTOR axis is a major driver of cell growth, including muscle growth. mTOR 
signalling promotes the expression of genes involved in protein synthesis generally and genes promoting 
muscle growth and repair specifically (MyoD1, Mef2, Myogenin, Pax7). Myostatin promotes muscle atro-
phy via induction of Smad2/3, which leads to the expression of autophagy-promoting genes and the E3 
ubiquitin ligases Atrogin-1 and MuRF-1. Atrogin-1 and MuRF-1 ubiquitinate a number of muscle-specific 
proteins, including actin, myosin, desmin, and MyoD1, causing their degradation in 26S proteasomes. Ex-
pression of Atrogin-1 and MuRF-1 is also upregulated by NF-κB signalling in response to various pro-in-
flammatory cytokines including TNFα. Adapted with permission of the American Thoracic Society. Cop-
yright © 2020 American Thoracic Society. All rights reserved. Cite: Abdulai et al.: “Deterioration of Limb 
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myonuclei of the new or repaired myofibre. 

1.7.1. Promoters of muscle growth

Muscle mass and muscle fibre size increase during development and in response to me-

chanical overload or anabolic steroid stimulation. Muscle growth is driven by increased 

rates of protein synthesis (transcription and translation), since the primary components 

of muscle, actin and myosin, are proteins. 

1.7.1.1. Insulin-like growth factor 1 (IGF-1)

The insulin-like growth factor 1-phosphoinositide-3-kinase-Akt-mammalian target of 

rapamycin (IGF-1-PI3K/Akt-mTOR) axis positively regulates protein synthesis (Schiaffino 

et al., 2013). Muscle produces IGF-1 in response to exercise. IGF-1 binds to the IGF-1 

receptor, IGF-1R, on the surface of a myofibril. This activates both the MAPK/ERK path-

way and the PI3K-Akt pathway. Only the PI3K-Akt pathway is necessary and sufficient 

for inducing muscle hypertrophy (Bodine et al., 2001b; Pallafacchina et al., 2002; Blaauw 

et al., 2009). PI3K phosphorylates Akt. Akt in turn stimulates mTOR (mammalian target 

of Rapamycin) signalling (Bodine et al., 2001b; Risson et al., 2009). The kinase mTOR 

associates with a number of other proteins to form the mTOR complex, mTORC (either 

mTORC1 or mTORC2). mTORC is a master transcriptional regulator and a strong driver 

of cell growth. mTORC1 induces the displacement of the polycomb repressor complex, 

permitting the transcription of many growth-promoting genes. mTORC1 signalling also 

phosphorylates the translation inhibitor eukaryotic translation initiation factor 4E-binding 

protein 1 (4E-BP1), upregulates the synthesis of ribosomes and tRNAs, and activates 

transcription by all three nuclear RNA polymerases (Le Bacquer et al., 2007; Risson et 

al., 2009). mTOR gained its name from the drug which inhibits its action, Rapamycin. 

Rapamycin is a powerful inhibitor of muscle growth (Bodine et al., 2001b; Pallafacchina 

et al., 2002). Further evidence for the importance of IGF-1 signalling comes from trans-

genic studies. Mice which do not express IGF-1R in their muscles have impaired muscle 

growth with reduced muscle fibre number and size, while mice which overexpress IGF-1 

in their muscles have larger muscles and preserve muscle mass with age (Mavalli et al., 
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2010; Musarò et al., 2001). In addition to stimulating protein synthesis, IGF-1 signalling 

also suppresses protein breakdown, for example by suppressing the expression of the 

atrophy-related ubiquitin ligases Atrogin-1 and MuRF-1 (see later section) (Rommel et al., 

2001; Sacheck et al., 2004). 

1.7.1.2. Myogenic differentiation 1 (MyoD1)

Myogenin, Myogenic differentiation 1 (MyoD1), Pax7 and Myocyte enhancer factor 2c 

(Mef2c) are important transcription factors during muscle development in embryogene-

sis, and also play a role during repair and regeneration of mature muscle. MyoD1 and my-

ogenin are members of the family of myogenic regulatory factors (MRFs) (Weintraub et 

al., 1991). MyoD1 directs embryonic progenitor cells to commit to the skeletal muscle lin-

eage (Davis, Weintraub & Lassar, 1987; Sassoon et al., 1989). MyoD1 protein and mRNA 

are very low in adult skeletal muscle, but higher in fast-twitch muscle than in slow-twitch 

muscle (Hughes et al., 1993; Koishi et al., 1995; Ekmark et al., 2007). Overexpression or 

constitutive expression of MyoD1 promotes a switch to fast-twitch-type MyHCs in the 

muscles of rats and mice (Ekmark et al., 2007). Depending on the genetic background, 

MyoD1-null mice have high perinatal mortality, but some viable animals can be generat-

ed (Megeney et al., 1996). The muscles of these mice appear mostly normal, except for 

rare abnormalities such as forked myofibres (Cornelison et al., 2000). MyoD1-null satel-

lite cells enter the cell cycle normally but fail to differentiate into myotubes (Cornelison 

et al., 2000). MyoD1 is likely to play a role in muscle regeneration, since its expression is 

upregulated in myofibres after a crush injury (Grounds et al., 1992; Rantanen et al., 1995). 

Additionally, the muscles of MyoD1-null mice regenerate poorly after crush injury and 

contain thinner myofibres (Megeney et al., 1996). This is likely due to a reduced prolifer-

ation capacity of the satellite cells of MyoD1-null mice, which display delayed entry into 

the cell cycle and a lower number of cell divisions (Megeney et al., 1996; Cornelison et al., 

2000). However, muscle regeneration in the absence of MyoD1 is not prevented entirely, 

just delayed, suggesting there are other factors that contribute to muscle regeneration 

(White et al., 2000). 
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1.7.1.3. Myogenin

Myogenin drives the differentiation of committed muscle progenitor cells into myofibres 

(Wright, Sassoon & Lin, 1989). It is expressed early during embryonic myofiber formation, 

but downregulated in mature muscle fibres (Sassoon et al., 1989; Hughes et al., 1993). 

In adult rat muscle, myogenin protein and mRNA is found at higher levels in slow-twitch 

muscle than in fast-twitch muscle, the opposite of MyoD1 (Ekmark et al., 2007). Myo-

genin-null mice have severely reduced skeletal muscle and die immediately after birth, 

suggesting that myogenin is essential for proper skeletal muscle development (Cusel-

la-De Angelis et al., 1992; Hasty et al., 1993; Venuti et al., 1995). Even though myogenin 

expression in mature muscle fibres is low, postnatal loss of myogenin results in smaller 

body size of mice, suggesting that myogenin still influences postnatal growth of muscles 

(Knapp et al., 2006). Interestingly, overexpression of myogenin in mouse muscle shifts 

the metabolism of fast-twitch myofibres from glycolytic to more oxidative, and causes a 

reduction in fast-twitch fibre size (Hughes et al., 1999). This result is consistent with my-

ogenin-deleted mice having a higher exercise capacity due to more efficient glycolytic 

metabolism (Flynn et al., 2010). Myogenin may also facilitate regeneration of damaged 

muscle, since its expression is upregulated in regenerating myofibres after muscle dam-

age (Grounds et al., 1992; Füchtbauer & Westphal, 1992; Rantanen et al., 1995). However, 

others have found that in the context of a mouse model of muscular dystrophy, myogenin 

was not required for muscle regeneration (Meadows, Flynn & Klein, 2011). 

1.7.1.4. Paired box 7 (Pax7)

The expression of paired box 7 (Pax7) marks satellite cells in skeletal muscle beginning 

in embryogenesis, and continuing into adulthood (Kassar-Duchossoy et al., 2005). Sat-

ellite cells are quiescent at steady state. Upon muscle damage, satellite cells are reacti-

vated and begin to express Pax7 along with other muscle factors like MyoD1 and begin 

to differentiate into myoblasts (Biressi & Rando, 2010). As they differentiate, Pax7 expres-

sion is lost and upregulation of Myog expression commits the cell to a myofibre fate. 

Satellite cells can also self-renew by undergoing asymmetric cell division, maintaining 
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Pax7 expression and downregulating Myod1 again, to maintain the reservoir of satellite 

cells (Olguin & Olwin, 2004; Zammit et al., 2006; Kuang et al., 2007). Curiously, Pax7-de-

ficient mice have no overt defects in muscle formation during embryogenesis, despite 

having no satellite cells (Seale et al., 2000). This result suggest that the seeding of early 

muscle progenitors is partially distinct from the generation of satellite cells, and muscle 

is still formed due to the effect of other non-redundant factors such as Pax3. However, 

Pax7-deficient mice exhibit facial deformities and die shortly after weaning due to fatal 

progressive muscle wasting (Mansouri et al., 1996; Kuang et al., 2006). Apart from speci-

fying satellite cell fate during embryogenesis, Pax7 has also been shown to be crucial to 

muscle regeneration in adult muscle. For example, the above mentioned Pax7-null mice 

are unable to regenerate muscle after cardiotoxin injury (Kuang et al., 2006). Inducible 

genetic ablation of Pax7+ satellite cells in adult mice likewise causes profound defects in 

muscle regeneration in response to injury (Lepper, Partridge & Fan, 2011; Murphy et al., 

2011; Sambasivan et al., 2011; Von Maltzahn et al., 2013). The muscles of Pax7+-ablated 

mice also display dysregulation of fibroblasts, fibrosis, and infiltration of the muscle by 

inflammatory cells and adipocytes (Murphy et al., 2011; Sambasivan et al., 2011). The 

defect in muscle regeneration is likely due to premature differentiation of satellite cells, 

and could be rescued by transplantation of adult Pax7+ satellite cells (Sambasivan et al., 

2011; Von Maltzahn et al., 2013). 

1.7.1.5. Myocyte enhancer factor 2c (Mef2c)

The Myocyte enhancer factor 2 (Mef2) family of transcription factors has four members 

in vertebrates, termed Mef2a, b, c, and d (Yu et al., 1992; Andres, Cervera & Mahdavi, 

1995; Molkentin et al., 1996). Mef2c is the only one that is highly and almost exclusively 

expressed in muscle (Martin, Schwarz & Olson, 1993). Mef2c does not have intrinsic 

myogenic activity, but acts synergistically with MRF family members (which includes 

MyoD1 and myogenin) to activate the transcription of muscle-specific genes (Molkentin 

et al., 1995). For example, the Myogenin promoter contains a Mef2 binding element, 

which is bound and activated by Mef2c (Edmondson et al., 1992; Buchberger, Ragge & 
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Arnold, 1994). The Mef2c gene itself is also positively regulated by MRF family factors 

and other Mef2 factors, inducing a positive feedback loop that amplifies and stabilises 

the myogenic commitment of a myoblast (Wang et al., 2001). Mice with complete loss-

of-function of Mef2c die at embryonic day 9.5 due to cardiovascular defects (Lin et al., 

1997, 1998). If Mef2c is conditionally deleted using Cre-lox beginning on embryonic day 

8.5, pups survive to term and their muscles differentiate normally during embryogenesis. 

However, shortly after birth, sarcomeres become disorganised and myofiber structure 

deteriorates, resulting in high neonatal lethality from underdeveloped diaphragms (Pot-

thoff et al., 2007a). The expression of two genes encoding structural muscle proteins, 

myomesin and M protein, was dysregulated in these mice, suggesting that Mef2c is key 

to regulating proper gene transcription during postnatal maturation of muscle. 

Mef2c also promotes a slow-twitch fibre phenotype, as demonstrated by the fact that 

the muscles of mice overexpressing Mef2c have an increased proportion of slow-twitch 

fibres, and muscle-specific deletion of Mef2c in mice (on a different genetic background 

to Potthoff et al., 2007a, yielding viable pups) reduces the number of slow-twitch fibres 

(Potthoff et al., 2007b). Overexpression of Mef2c can induce myofibre hypertrophy in 

some models, but this is not consistent in all models, potentially due to the different ge-

netic backgrounds of the mice (Potthoff et al., 2007; Moretti et al., 2016). In some mod-

els, muscle wasting induced by denervation can be prevented by activation of Mef2c, 

suggesting a potential role for Mef2c in muscle regeneration (Moretti et al., 2016). Con-

ditional deletion of Mef2a, c, and d, but not any one gene individually, in satellite cells 

prevents regeneration of muscle in response to cardiotoxin injury because myoblasts 

derived from these satellite cells cannot differentiate (Liu et al., 2014). Mef2c has also 

been implicated in muscle wasting by disuse, since its expression is strongly repressed 

in the skeletal muscle of humans after 21 days of bed rest (Rullman et al., 2018). 

1.7.2. Promoters of muscle wasting

During muscle atrophy, there is a net loss of proteins and cytoplasm, which causes my-

ofibres to shrink. Factors that promote muscle atrophy broadly fall into two camps. First-
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ly, negative regulators of protein synthesis, such as the myostatin-Smad2/3 axis, and 

secondly, proteasomal pathways that lead to the direct breakdown of muscle proteins 

(Schiaffino et al., 2013). Proteasomal pathways can further be divided into ubiquitin-pro-

teasomal pathways and autophagic-lysosomal pathways. 

1.7.2.1. The myostatin-Smad2/3 axis

The myostatin-Smad2/3 axis is a negative regulator of protein synthesis. Myostatin is 

a member of the TGFβ superfamily that is produced by skeletal muscle (McPherron, 

Lawler & Lee, 1997). Loss-of-function mutations in myostatin lead to a characteristic 

“double-muscled” phenotype that has been described in many mammalian species, in-

cluding dogs, sheep, cattle, and humans (McPherron & Lee, 1997; Schuelke et al., 2004; 

Clop et al., 2006; Mosher et al., 2007). Recombinant myostatin inhibits protein synthesis 

and reduces fibre size in myotube cultures in vitro, and induces muscle atrophy in mice 

in vivo (McFarlane et al., 2006). Myostatin binds to Activin RIIB (ActRIIB) receptors and its 

downstream effects are mediated by phosphorylation of the transcription factors Smad2 

and Smad3 (Lee et al., 2005; Sartori et al., 2009; Trendelenburg et al., 2009; Winbanks 

et al., 2012). However, the transcriptional targets of Smad2 and 3 that result in muscle 

atrophy are not fully defined. Another potential mechanism of myostatin may be via in-

terference with the IGF-1-Akt-mTOR pathway, since Smad3 is known to interact directly 

with Akt (Remy, Montmarquette & Michnick, 2004; Conery et al., 2004). 

1.7.2.2. The ubiquitin-proteasome system

Ubiquitylation is a common post-translational protein modification that generally des-

ignates a protein for transport to the 26S proteasome and subsequent breakdown. The 

addition of ubiquitin groups to proteins is catalysed by E3 ubiquitin ligase enzymes. The 

first two muscle-specific E3 ligases to be identified were Atrogin-1 (also referred to as 

MAFbx, encoded by the Fbox32 gene) and Muscle RING Finger 1 (MuRF-1, encoded by 

the Trim63 gene) (Bodine et al., 2001a; Gomes et al., 2001). Both are strongly upregulated 

in animal models of muscle wasting (Bodine et al., 2001a). Furthermore, Fbxo32/Trim63 

double knockouts are resistant to muscle atrophy induced by denervation (Bodine et al., 
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2001a). 

Genetic knockdown of Atrogin-1 prevents muscle wasting during fasting (Cong et al., 

2011). The substrates of Atrogin-1 are poorly understood, but it is known to target MyoD1 

and translation initiation factor eIF3-f (Tintignac et al., 2005; Lagirand-Cantaloube et al., 

2008). Immunoprecipitation experiments have also identified interactions of Atrogin-1 

with various structural muscle proteins, such as myosins, desmin and vimentin, and pro-

teins involved in transcription, translation, and metabolism (Lokireddy et al., 2011, 2012). 

However, it is unknown whether Atrogin-1 ubiquitinates and contributes to the degrada-

tion of these proteins in vivo. 

MuRF-1 is known to ubiquitinate many structural muscle proteins, such as actin (Polge et 

al., 2011), troponin I (Kedar et al., 2004), myosin heavy chain proteins (Clarke et al., 2007; 

Fielitz et al., 2007; Cohen et al., 2009), some myosin light chains, and myosin binding 

protein C (Cohen et al., 2009). The degradation of the thin filament proteins actin and 

troponin is not entirely MuRF-1-dependent (Cohen et al., 2009). However, while these 

targets can be ubiquitinylated by MuRF-1 in vitro, they may not be primary targets in vivo, 

or not during all types of atrophy conditions. MuRF-1 additionally may play a role in met-

abolic regulation. Contrary to expectations, mice overexpressing MuRF-1 had normal 

muscle weights, but expressed lower levels of a number of metabolic enzymes, nota-

bly those controlling glycolysis and glycogen metabolism (Hirner et al., 2008). The mice 

also had high blood insulin levels and low hepatic glycogen. These results suggest that 

MuRF-1 signalling during stress conditions in skeletal muscle simultaneously works to 

preserve metabolites systemically. 

There is some cross-talk between these different regulating systems. For example, ad-

dition of recombinant myostatin to myotube cultures induces the upregulation of both 

Atrogin-1 and MuRF-1 via Smad3 (McFarlane et al., 2006; Lokireddy et al., 2011), and 

transient overexpression of Smad3 in mouse muscles both promotes Atrogin-1 expres-

sion and inhibits Akt/mTOR signalling and protein synthesis (Goodman et al., 2013). 
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1.7.2.3. The autophagic-lysosomal degradation pathway

Autophagy (Greek autós = self; phageîn = to eat) is a homeostatic process in which a cell 

digests its own components through the lysosomal pathway (Glick, Barth & Macleod, 

2010). Many cellular components such as cytoplasm, proteins, and organelles can be 

broken down and “recycled” by autophagy. When mitochondria undergo autophagy, the 

process is named mitophagy. Mitochondria are primary producers of ATP in the cell, and 

as such their function is crucial to proper skeletal muscle function. After muscle atrophy 

induced by denervation or sepsis in mice, there is an increase in autophagy and de-

crease in mitochondrial content and mtDNA expression (Mofarrahi et al., 2012; O’Leary 

et al., 2013). Interestingly, the decrease in mitochondrial content and strong upregulation 

of autophagy proteins after denervation is not observed in aged mice (O’Leary et al., 

2013). The induction of autophagy is blunted in aged muscle, coupled with a strong in-

duction of the unfolded protein response. This implies the accumulation of dysfunction-

al mitochondria in muscle with age. Conversely, impairment of autophagy, for example 

by muscle-specific mutation of autophagy-related genes such as Atg7, leads to muscle 

atrophy and loss of strength in mice, presumably due to the accumulation of damaged 

and dysfunctional mitochondria and other cell components (Raben et al., 2008; Masiero 

et al., 2009). Overexpression of the mitochondrial fission machinery, causing excessive 

numbers of mitochondria, also causes muscle atrophy in mice (Romanello et al., 2010). 

This suggests that controlled levels of autophagy are crucial to maintain muscle mass 

and function. 

1.7.3. Muscle wasting in the elderly

Muscle mass and strength is progressively lost with advancing age, a process named 

sarcopenia (from Greek sark- = muscle, flesh; penia = lack) (Cruz-Jentoft & Sayer, 2019). 

Relative skeletal muscle mass starts to decrease towards the end of the fifth decade of 

life (Janssen et al., 2000). In elderly people, muscle loss is an important cause of frailty 

(Landi et al., 2013; Arango-Lopera et al., 2013). It negatively impacts the ability to perform 

daily tasks, decreases overall quality of life, and increases the risk of injury and all-cause 
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mortality (Wheeler et al., 1998; Swallow et al., 2007). Studies on cross-sections of the 

vastus lateralis (thigh) muscle in elderly humans have demonstrated that age-associated 

muscle wasting is accounted for both by a reduction in individual muscle fibre size and a 

reduction in the total number of muscle fibres (Lexell, 1995). The fibres that shrank with 

age were predominantly type 2 (fast-twitch) fibres, whereas type 1 (slow-twitch) fibres 

did not get significantly smaller with age. Lastly, limb circumference was not a reliable 

indicator of muscle wasting since muscle was commonly replaced by fat and connective 

tissue in aged individuals. 

The role of the individual factors affecting muscle mass homeostasis outlined above in 

age-associated muscle wasting is controversial. Many are difficult to investigate in hu-

man subjects directly, or have not been specifically investigated in aged animal models. 

The expression of Atrogin-1 and MuRF-1 in aged mice has been found to be either de-

creased (Edström et al., 2006), increased (Clavel et al., 2006), or unchanged (Gaugler et 

al., 2011; Hwee et al., 2014). Aged MuRF-1 knockout mice display a significant increase 

in Atrogin-1 expression, perhaps as a compensatory mechanism. However, these mice 

maintain their muscle mass into old age, as well as their ability to hypertrophy in response 

to muscle overload (Hwee et al., 2014). This was associated with stronger activation of 

the Akt/mTOR pathway, suggesting an increase in the rate of protein synthesis. These 

results suggest that MuRF-1 activity promotes age-associated wasting, potentially by 

lowering protein synthesis rates. 

A number of medical conditions are associated with a loss of muscle mass, including re-

spiratory infections, chronic infections, and chronic inflammatory conditions like chronic 

obstructive pulmonary disease (COPD) (Seymour et al., 2010; Vilaró et al., 2010; Jones 

et al., 2015). Many of these conditions occur more frequently with age. Patients with TB 

have significantly reduced lean tissue in their limbs (Paton & Ng, 2006). In COPD, acute 

exacerbations, which are commonly caused by respiratory infections like RSV, cause de-

terioration of limb muscle function and cross-sectional area of quadriceps muscle (Spruit 

et al., 2003; Pitta et al., 2006). Moreover, muscle wasting as measured by quadriceps 
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strength is predictive of mortality in patients with moderate to severe COPD (Swallow et 

al., 2007). Various aspects of an infection are likely to contribute to muscle wasting. First-

ly, there is a well-known role for inflammation in promoting muscle atrophy. Secondly, 

an infection, particularly in elderly people where the infection is likely to be more severe, 

commonly leads to bedrest, causing muscle atrophy by disuse (muscle “unloading”). In-

fluenced by both those factors, infection may also induce a systemic redistribution of 

resources, during which muscle is broken down to metabolites to fuel other processes 

deemed more essential. 

1.7.3.1. The role of inflammation in muscle wasting

Inflammation is a strong inducer of muscle atrophy and cachexia (Peterson, Bakkar & 

Guttridge, 2011). Cachexia is defined as severe loss of bodyweight, loss of muscle and 

fat mass, and increased protein catabolism as a result of chronic disease, commonly 

cancer (Muscaritoli et al., 2010). Nuclear transcription factor kappa B (NF-κB) is a master 

transcriptional regulator of inflammation. Under homeostatic conditions, NF-κB is se-

questered in the cytoplasm by interaction with an inhibitor, IκB, which masks the nuclear 

localisation sequence of NF-κB. Inflammatory cytokines, particularly TNFα, induce a sig-

nalling cascade that activates IκB kinase (IKK) complex. IKK complex phosphorylates IκB, 

which leads to its removal and degradation, allowing NF-κB to translocate to the nucleus 

and promote transcription (Schütze et al., 1992). NF-κB is expressed by skeletal muscle 

and has been implicated in muscle wasting (Schiaffino et al., 2013). For example, mice 

which overexpress IKKβ, a component of the IKK complex, in their muscles (causing 

constitutive activation of NF-κB) display profound muscle wasting (Cai et al., 2004). This 

effect was found to be mediated by MuRF-1, since crossing the mice with MuRF-1-de-

ficient mice partially rescued the muscle wasting phenotype. Conversely, muscle-spe-

cific deletion of IKKβ in mice (inhibiting NF-κB activation) prevented muscle atrophy in 

response to denervation (Mourkioti et al., 2006). Muscle force and fibre type distribution 

was maintained, along with increased protein synthesis and decreased protein degra-

dation as evidenced by lower expression of MuRF-1. Notably, in response to muscle 
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damage, these mice exhibited enhanced satellite cell activation and improved muscle 

regeneration. 

At the same time as promoting muscle atrophic factors like MuRF-1, NF-κB also inhibits 

factors promoting muscle growth. For example, NF-κB signalling has been found to sup-

press post-transcriptional processing of MyoD1 mRNA (Guttridge et al., 2000). Inflamma-

tory cytokines are also known to induce insulin resistance, i.e. the downregulation of in-

sulin receptor expression. Insulin signalling, similarly to the IGF-1-Akt pathway, promotes 

protein synthesis, so insulin resistance is likely to play a role in muscle wasting (Monier, 

Le Cam & Le Marchand Brustel, 1983). TNFα and IFNγ have been found to cause insulin 

resistance in muscle (De Alvaro et al., 2004; Sestan et al., 2018). For example, Sestan 

et al. demonstrated that the IFNγ produced during viral infection of mice suppressed 

insulin receptor expression on skeletal muscle, which was sufficient to derail glycemic 

control in obese mice. Unfortunately, the aspect of muscle wasting was not specifically 

investigated in this study. The authors propose that insulin resistance during infection 

is a systemic response with the aim to increase glucose availability for immune cells, 

particularly CD8+ T cells. In this case any potential muscle wasting due to suppressed 

insulin signalling would be an unintended side effect (Kotas & Medzhitov, 2015). 

1.7.3.2. Inflammation-induced anorexia promotes muscle wasting indirectly

Inflammation is also an important regulator of appetite, which indirectly contributes to 

muscle wasting. Loss of appetite (anorexia) is a key component of sickness behaviour to-

gether with reduced physical activity. Administration of pro-inflammatory cytokines, such 

as IL-1β, or a potent stimulator of inflammation such as LPS or IL-6, induces anorexia 

and ablates exploratory behaviour in mice and rats (Langhans, Savoldelli & Weingarten, 

1993; Kent et al., 1996; Bret-Dibat et al., 1995). This phenomenon is thought to conserve 

bodily resources for immune defence. Since food consumption and exercise promote 

muscle growth (primarily via the IGF-1 pathway), the absence of these signals can poise 

the balance of muscle homeostasis towards atrophy. 

Pro-inflammatory cytokines and prostaglandins can act directly on the nervous system in 
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multiple ways to cause anorexia. Firstly, pro-inflammatory cytokines can stimulate periph-

eral sensory neurons. Vagal, spinal and trigeminal sensory neurons express receptors 

for IL-1β and prostaglandin E2 (PGE2), and IL-1β in particular can cause depolarisation in 

vagal sensory neurons (Ek et al., 1998; Gaigé et al., 2004). This connection between in-

flammatory signalling and neural signalling has been evident since the finding that sever-

ing the vagus nerve (vagotomy) attenuated LPS-induced anorexia in rodents (Laye et al., 

1995; Bret-Dibat et al., 1995; Kent et al., 1996). The primary targets of vagal nerves are the 

nucleus of the solitary tract (NTS) and the area postrema (AP), which are located in the 

brain stem. The main neurotransmitter in the terminals of the NTS is glutamate, and the 

administration of a glutamate receptor antagonist can attenuate inflammation-induced 

anorexia (Weiland et al., 2006). However, vagotomy does not completely abolish inflam-

mation-induced anorexia, suggesting that there are other ways in which inflammation 

can cause anorexia (Schwartz, Plata-Salaman & Langhans, 1997; Wieczorek et al., 2005).

Pro-inflammatory cytokines can also act directly on the central nervous system. Intrace-

rebroventricular administration of LPS, IL-1β, TNFα or IL-6 induces anorexia in mice (Kent 

et al., 1992; Yao et al., 1999; Plata-Salamán, 1996; Plata-Salamán et al., 1996). This is possi-

ble because some areas of the brain, including the AP, are devoid of the blood-brain-bar-

rier, so are accessible to circulating inflammatory factors (Rivest, 2003). Additionally, 

IL-1β and LPS signalling in the endothelial cells that make up the blood-brain-barrier 

stimulates the production of PGE2 within the intracranial cavity (Rivest, 1999). PGE2 di-

rectly acts on neurons important for feeding. Inhibition or deletion of PGE2 synthesising 

enzymes attenuates anorexia after peripheral LPS or IL-1β (Johnson et al., 2002; Elander 

et al., 2007). PGE2 binds G protein-coupled receptors expressed in the hypothalamus 

and NTS (Zhang & Rivest, 1999). The NTS integrates neural signals (primarily vagal sig-

nals from the gut) and humoral signals (inflammatory factors from circulation) to reg-

ulate satiety and food aversion (Schwartz 2000). Activated NTS neurons relay signals 

to other areas of the brain, such as the central amygdala and the hypothalamus, which 

results in suppression of feeding through poorly understood mechanisms (Ferreira et al., 
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2006; Gaykema, Chen & Goehler, 2007). As described previously in this chapter, some 

cytokines can also promote muscle wasting directly, for example, TNFα promotes the 

expression of Atrogin-1 and MuRF-1 via NF-κB signalling. 

1.7.3.3. The role of disuse in muscle wasting

Muscle disuse through inactivity reduces the rate of protein synthesis and increases pro-

tein breakdown in muscle (Kortebein et al., 2007; Tanner et al., 2015). Elderly people are 

more prone to muscle wasting due to inactivity. For example, Tanner et al. found that as 

little as five days of bed rest significantly reduced leg muscle mass and strength in elder-

ly, but not young, adults (Tanner et al., 2015). The muscles of older adults displayed re-

duced rates of protein synthesis and increased markers of proteolysis. Muscle mass and 

strength could be restored in elderly individuals by an 8-week rehabilitation programme 

of resistance exercise. Hindlimb suspension is a common animal model of muscle at-

rophy by disuse. Disuse activates many similar pathways as inflammation. For example, 

Hunter & Kandarian found that hindlimb suspension of mice induced rapid muscle atro-

phy, particularly of fast-twitch fibres (Hunter & Kandarian, 2004). This process was show 

to be driven by NF-κB activation in the muscle. Nfkb1-deficient mice did not exhibit the 

unloading-induced activation of NF-κB and were protected from muscle atrophy induced 

by hindlimb suspension. Work by the same group later found that hindlimb suspension 

increased the expression of Atrogin-1 and accumulation of ubiquitinated proteins. Elec-

troporating the muscle to express dominant negative IκB (inhibiting NF-κB signalling) 

caused partial resistance to muscle atrophy induced by hindlimb unloading and sup-

pressed the expression of Atrogin-1 and the accumulation of ubiquitinated proteins 

(Judge et al., 2007). 

The factors that regulate the balance between muscle hypertrophy and atrophy and how 

they change with age are of significant interest to a rapidly ageing society. Investigation 

into these mechanisms may enable us to predict the individual risk of muscle wasting, 

and potentially even counteract it. 
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1.8. Growth Differentiation Factor 15 (GDF-15) 

In vitro studies by collaborators at the Kemp lab at Imperial College London had suggest-

ed that the orphan cytokine GDF-15 could promote muscle wasting in cultured myotubes 

by upregulating the expression of atrophy-promoting genes like Fbox32 (Bloch et al., 

2013; Patel et al., 2016). Serum GDF-15 levels are also known to increase with age and in 

a number of acute and chronic medical conditions (Fujita et al., 2017; Brown et al., 2002). 

This suggests that GDF-15 may play a role in promoting muscle wasting in the elderly 

during viral infections such as RSV. The role of GDF-15 in viral infectious disease had not 

been previously investigated. 

1.8.1. The discovery of GDF-15

In 1997, Bootcov et al. used a subtraction cloning method to identify a novel cytokine 

whose expression was associated with macrophage activation (Bootcov et al., 1997). 

This novel cytokine was assigned to the TGFβ superfamily on the basis of its structural 

similarity, but it had no strong sequence homology to any existing member. The cytokine 

was named macrophage inhibitory cytokine 1 (MIC-1) because of its ability to inhibit 

TNFα production by macrophages that had been activated with LPS in vitro. Curiously, 

MIC-1 mRNA expression was upregulated in the macrophages themselves upon stimu-

lation with various pro-inflammatory cytokines such as IL-1β, IL2, or TNFα (Fairlie et al., 

1999). As a consequence, it was suggested that MIC-1 functions as an autocrine regu-

lator limiting excessive macrophage activation during inflammation. Two other groups 

simultaneously identified the same cytokine, and named it placenta bone morphogen-

ic protein (PLAB) and placental transforming growth factor beta (PTGFB), respectively 

(Hromas et al., 1997; Lawton et al., 1997). MIC-1 was “rediscovered” multiple times in 

different contexts, leading to additional names including nonsteroidal anti-inflammatory 

drug-activated gene 1 (NAG-1), prostate-derived factor (PDF), and growth differentiation 

factor 15 (GDF-15) (Baek et al., 2001; Paralkar et al., 1998; Böttner et al., 1999). Here, the 

term GDF-15 will be used throughout to refer to this cytokine. 
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1.8.2. Clinical associations between GDF-15 and disease

Most cells are capable of expressing GDF-15, but macrophages and epithelial cells ex-

press it most readily (Böttner et al., 1999). The major tissue sources of GDF-15 are the liv-

er, kidneys, prostate, pancreas, lung, and white adipose tissue (Fairlie et al., 1999; Ding et 

al., 2009). It is also highly expressed by placental trophoblasts, which leads to high serum 

levels of GDF-15 during pregnancy (Moore et al., 2000; Marjono et al., 2003). On a mo-

lecular level, the expression of GDF-15 is induced by p53 amongst other factors, but is 

independent of NF-κB signalling (Li et al., 2000; Yang et al., 2003; Yamaguchi et al., 2004). 

In healthy, non-pregnant humans, serum levels of GDF-15 are generally low. The reported 

range of normal levels of GDF-15 varies, from 200 - 1200 pg/ml (Brown et al., 2002). With 

advancing age, GDF-15 levels rise, but are highly variable across individuals (Fujita et al., 

2017). Smoking and high body mass index are also associated with higher serum levels 

of GDF-15 (Dostálová et al., 2009; Brown et al., 2012). GDF-15 expression is robustly up-

regulated by tissue injury and inflammation in vitro, and it is now well-established that 

serum GDF-15 levels are elevated in a wide range of disease states. High circulating lev-

els of GDF-15 are found in conditions as diverse as cancer (Brown et al., 2003; Welsh et 

al., 2003), cardiovascular disease (Brown et al., 2002) including acute heart failure (Kempf 

& Wollert, 2009; Cotter et al., 2015) and pulmonary arterial hypertension (Nickel et al., 

2008), renal disease (Breit et al., 2012), rheumatoid arthritis (Brown et al., 2007), anorexia 

nervosa (Dostálová et al., 2010), COPD (Husebø et al., 2017), and diabetes (Dostálová et 

al., 2009; Carstensen et al., 2010). In many of these disease states, high circulating levels 

of GDF-15 are predictive of a poor outcome, such as cardiac events, or even mortality. 

High serum GDF-15 is also associated with all-cause mortality (Wiklund et al., 2010). Due 

to its clear elevation in many medical conditions, there has been plenty of speculation on 

the physiological function and mechanism of action of GDF-15. 

1.8.3. GDF-15 as an anorectic agent

Soon after its discovery, work using rodent models suggested that GDF-15 signalling 
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was involved in appetite regulation, specifically, it was found to promote anorexia (loss of 

appetite, from Greek a(n)- = without; orexis = appetite). Anorexia is a key feature of cancer 

cachexia and contributes strongly to morbidity and mortality in cancer. Mice with tumor 

xenografts overexpressing GDF-15 were found to become anorexic and lost a substantial 

amount of body mass including muscle and fat (Johnen et al., 2007). This effect could be 

reversed with the administration of antibodies to GDF-15. Administration of recombinant 

GDF-15 induced a decrease in body weight and food intake in both lean wild-type mice 

and mice with genetic and diet-induced obesity (Mullican et al., 2017; Yang et al., 2017; 

Tsai et al., 2018). These results may suggest that excessive GDF-15, such as would oc-

cur in a constitutive overexpression model, would yield a detrimental phenotype in mice, 

perhaps characterised by pathological anorexia resulting in starvation. However, multi-

ple different transgenic mouse models of constitutive GDF-15 overexpression showed 

that mice with high serum levels of GDF-15 from birth are healthy and develop a lean 

phenotype (Johnen et al., 2007; Macia et al., 2012; Wang et al., 2014). Interestingly, mice 

with constitutive GDF-15 overexpression were also resistant to developing obesity when 

placed on a high-fat diet, less likely to develop intestinal neoplasia in response to carcin-

ogens, and had a longer life span than wild-type mice (Macia et al., 2012; Chrysovergis 

et al., 2014; Baek et al., 2006; Wang et al., 2014). These results suggested a more protec-

tive role for GDF-15. The fairly mild phenotypes of knockout and overexpression models 

suggested that GDF-15 signalling may be less important at steady state, but a potent 

regulator of appetite during disease states. Modulation of GDF-15 signalling was quickly 

recognised to have potential therapeutic applications in both obesity and anorexia/ca-

chexia syndromes, but was held back by uncertainty as to its mechanism of action and 

the resulting unknown risks or potential side effects. 

1.8.4. The discovery of GFRAL, the GDF-15 receptor

Since appetite regulation is to a large extent controlled by the brain, studies investigated 

if GDF-15 might exert its anorectic effects via the brain. Tsai et al. found that surgical 

ablation of the area postrema and nucleus solitary tract in the brain stem caused mice to 
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become resistant to the anorectic effect of GDF-15, suggesting that the action of GDF-

15 was mediated by specific neurons in this area (Tsai et al., 2014). In 2017, four groups 

simultaneously identified the receptor for GDF-15 (Mullican et al., 2017; Hsu et al., 2017; 

Yang et al., 2017; Emmerson et al., 2017). Three of the groups carried out screens of hu-

man cell membrane-associated proteins and one carried out a screen of orphan mem-

bers of the glial-derived neurotrophic factor (GDNF) receptor α family. The only target 

found to bind GDF-15 was GDNF family receptor α–like (GFRAL), an orphan receptor in 

the GDNF family. GFRAL expression is highly restricted to neurons in two areas of the 

brain stem, the area postrema and the nucleus of the solitary tract. This is consistent with 

the previous finding that this area of the hind brain is essential for the anorectic action of 

GDF-15 (Tsai et al., 2014). GDF-15 and GFRAL were found to signal via the co-receptor 

Ret. After GDF-15 has bound GFRAL, the complex binds Ret. Ret is phosphorylated and 

induces a signalling cascade through Akt, Erk and PLC-γ1 (Mullican et al., 2017; Hsu et 

al., 2017; Yang et al., 2017; Emmerson et al., 2017). GDF-15 binding to GFRAL induced a 

strong anorectic effect in animal models. GFRAL-knockout mice did not reduce food in-

take or lose weight in response to exogenous GDF-15, confirming that GDF-15’s anorec-

tic effects are mediated through GFRAL signalling (Hsu et al., 2017; Mullican et al., 2017). 

GFRAL KO mice mostly had normal body weight and food intake when fed a standard 

diet, but a high-fat diet caused increased food intake, weight gain, and impaired glucose 

tolerance compared to wild-type littermates in two of the studies (Hsu et al., 2017; Mul-

lican et al., 2017). Emmerson et al. on the other hand did not find that GFRAL-knockout 

mice increased in weight after a high-fat diet. Interestingly, much like GDF-15-knockout 

mice, GFRAL-knockout mice had very little overt phenotype at steady state, with mostly 

normal body weight and composition. This suggests the role of GDF-15 lies not in con-

stant homeostasis, but in the systemic response to stress conditions. 

These findings suggest that any loss of muscle mass observed concomitantly to GDF-15 

signalling is likely not a direct effect on the muscle, but is secondary to an anorexia-in-

duced negative energy balance. However, alternative mechanisms of action of GDF-15 
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Figure 1-5 Our current understanding of GDF-15 signalling

Overview of our current understanding of GDF-15 signalling and effects. GDF-15 binds GFRAL/Ret com-
plex in the area postrema (AP) in the hindbrain (Mullican et al., 2017; Hsu et al., 2017; Yang et al., 2017; 
Emmerson et al., 2017). Through poorly-understood mechanisms, this triggers a decrease in appetite and 
food intake, which can lead to the loss of body weight including muscle mass. It has been suggested that 
this food aversion behaviour is a protective mechanism that protects a fetus from noxious food stimuli 
during sensitive stages of development (O’Rahilly, 2017). GDF-15 binding GFRAL/Ret further induces be-
ta-adrenergic signalling to the liver to stimulate release of triglycerides into the bloodstream (Luan et al., 
2019). These lipids are cardioprotective during acute inflammation such as viral and bacterial infections, 
suggesting a role for GDF-15 in promoting metabolic adaptation to systemic stress. Other signalling mech-
anisms of GDF-15 may exist, as suggested by Patel et al. (2016), but no other receptor for GDF-15 has been 
identified at this time. 
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have been suggested, as described in the following sections. 

1.8.5. GDF-15 as an immunomodulator

GDF-15 has been implicated in various disease contexts where its action is not explained 

by its known role in appetite regulation or its interaction with GFRAL. For example, GDF-

15-knockout mice are more susceptible to heart and kidney damage caused by an LPS 

model of sepsis, while overexpression of GDF-15 was protective (Abulizi et al., 2017). In 

a mouse model of non-alcoholic fatty liver disease, GDF-15 deficiency exacerbated liv-

er inflammation and fibrosis, whereas GDF-15 overexpression attenuated liver damage 

(Kim et al., 2018). In GDF-15-knockout mice, there is excessive neutrophil recruitment 

to the infarcted heart, leading to increase risk of cardiac rupture. Recombinant GDF-15 

led to downregulation of β2 integrins on neutrophils in vitro, thus preventing leukocyte 

adhesion and arrest on the endothelium (Kempf et al., 2011). A similar mechanism was 

observed on platelets, with exogenous GDF-15 slowing thrombus formation and amelio-

rating pulmonary embolism in mice (Rossaint, Vestweber & Zarbock, 2013). 

However, in other disease models, GDF-15 signalling was clearly detrimental. For ex-

ample, in a mouse model of atherosclerosis, GDF-15-knockout mice had reduced mac-

rophage infiltrates and decreased necrotic core formation in their sclerotic plaques, in-

dicating better plaque stability. In vitro, GDF-15 promoted chemotaxis of macrophages 

by inducing CCR2 expression, suggesting that GDF-15 signalling drives atherosclerotic 

inflammation in a detrimental way (De Jager et al., 2011). This stands in contrast to the 

original findings during the discovery of GDF-15 that it primarily inhibits macrophage 

function. In terms of infectious disease, in one study, GDF-15 overexpression in mice led 

to an exaggerated inflammatory response to human rhinovirus and increased viral load. 

The authors suggest this is caused by GDF-15-mediated suppression of interferon lamb-

da in the lung (Wu et al., 2018). 

These studies are partially contradictory as to whether GDF-15 signalling is beneficial or 

detrimental, and its actions appear to be very context-dependent. Variability in results is 

probably also due to the use of different in vitro models, which may not reflect the sys-
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temic activity of GDF-15, and different in vivo models, as it is known that different mouse 

strains can react very differently to the same stimulus. In conclusion, there is research 

still to be done on the immunomodulatory functions of GDF-15, if any are confirmed to 

be truly GDF-15-dependent. 

1.8.6. GDF-15 as a protective mechanism against fetal toxicity

The location in the hindbrain where GFRAL is expressed, the area postrema, is also 

responsible for controlling emesis (vomiting). It is conceivable that GDF-15 signalling 

could contribute to food avoidance behaviour by causing nausea. O’Rahilly (2017) has 

suggested that the evolutionary purpose of the GDF-15/GFRAL axis is to be a fetal pro-

tection mechanism via the induction of food aversion. Serum GDF-15 levels rise rapidly 

in the first trimester of pregnancy, and remain elevated until delivery (Moore et al., 2000; 

Marjono et al., 2003). High circulating levels of GDF-15 during pregancy correlate to em-

esis, and a single nucleotide polymorphism (SNP) in the Gdf15 gene is associated with 

hyperemesis gravidarum, a condition of severe nausea and emesis during pregnancy 

(Petry et al., 2017; Fejzo et al., 2018). O’Rahilly (2017) theorises that high GDF-15 levels 

decrease maternal food intake, limiting the exposure of the fetus to potentially toxic in-

gested substances. However, it is unclear whether the survival benefit to the fetus would 

be outweighed by the potentially severe restriction in nutrients. 

1.8.7. The role of GDF-15 in skeletal muscle

The discovery of GFRAL as the receptor for GDF-15 and the further elucidation of its 

role as an appetite regulator are not consistent with GDF-15 having specific effects on 

skeletal muscle. No human or rodent cell line tested was found to endogenously express 

GFRAL, including L6 rat skeletal muscle cells, C2C12 mouse skeletal muscle cells, and 

primary human cardiac myocytes, challenging previous in vitro experiments claiming to 

have found brain-independent functions of GDF-15 (Mullican & Rangwala, 2018; Yang et 

al., 2017). For example, Tsai et al. found that obese mice treated with GDF-15 lost more 

fat than muscle (Tsai et al., 2018). Similarly, blocking GDF-15 in a cachexia model driven 

by GDF11 rescued appetite, but not loss of muscle mass (Jones et al., 2018). These re-
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sults suggest that GDF-15 does not specifically drive loss of muscle mass. 

Two studies from the same group claim to have demonstrated that GDF-15 can directly 

promote muscle wasting. The authors propose that GDF-15 suppresses the expression 

of microRNA (miRNA) species that regulate muscle mass homeostasis, which in turn 

upregulates the expression of atrophy-promoting factors like Atrogin-1. Local overex-

pression of GDF-15 by electroporation into the tibialis anterior (TA) muscle (a large leg 

muscle in mice) caused a decrease in muscle fibre diameter (Patel et al., 2016). No such 

change in muscle fibre size was observed in the other leg of each individual mouse, 

where the muscle was electroporated with an empty vehicle vector. This suggests that 

the expression of GDF-15 specifically, rather than the electroporation event, promoted 

muscle atrophy. TA muscles electroporated with GDF-15 were also significantly lighter 

than vehicle-electroporated muscles when normalised to the bodyweight of the mouse, 

but the raw muscle weight was not compared. Treatment of cultured myotubes with re-

combinant GDF-15 significantly upregulated the expression of muscle atrophy-promot-

ing genes Fbxo32 and Trim63 (Atrogin-1 and MuRF-1) and downregulated the expres-

sion of miRNAs that positively regulate muscle mass by inhibiting Smad signalling (Bloch 

et al., 2013). One of these miRNAs, miR-181a, suppressed TGFβ responses in myotubes. 

The authors hypothesise that GDF-15 may make muscles more sensitive to TGFβ-driven 

muscle wasting by inhibiting the expression of muscle-protective miRNAs like miR-181a. 

These studies imply the existence of a GFRAL-independent, direct method of action of 

GDF-15 on muscle. However, it is still unclear how GDF-15 would signal into cells in this 

context. Additional research will be needed, for example, none of the experiments de-

tailed above used GDF-15-blocking antibodies to test whether the results were indeed 

due to GDF-15 activity. Comparisons to other cytokines or positive controls were also 

not done. Recombinant GDF-15 has in some studies been found to activate the Smad 

pathway, which could promote muscle wasting similarly to myostatin signalling (Bloch 

et al., 2015; Min et al., 2016). However, this may not reflect true GDF-15 activity, since 

recombinant GDF-15 preparations from a major manufacturer were found to be contam-
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inated with TGFβ. In these cases, Smad2 signalling could be ablated with anti-TGFβ an-

tibodies, but not anti-GDF-15 antibodies (Okamura, 2015; Olsen et al., 2017). Since TGFβ 

has a known atrogenic effect on muscle, many in vitro observations implicating GDF-15 

in muscle wasting may in fact be due to TGF-β signalling. 

Breit et al. suggest one potential alternative signalling mechanism for GDF-15 that is in-

dependent of brain stem signalling (Breit, Tsai & Brown, 2017). During characterisation of 

the GFRAL gene, an alternative transcript of GFRAL was identified, which lacks the trans-

membrane and cytoplasmic domain (Li et al., 2005). If present at high enough levels, this 

truncated form may function as a soluble receptor, either mediating trans signalling on 

cells that do not express GFRAL themselves, or scavenging GDF-15 as a competitive 

inhibitor to brain stem signalling. 

1.8.8. GDF-15 as a regulator of systemic stress responses

The role of GDF-15 in the context of infectious disease has not been extensively studied, 

but recent work by Luan et al. has suggested that GDF-15 may be a systemic regulator of 

responses to stressors such as infection (Luan et al., 2019). Mice infected with influenza 

virus or with sepsis induced by cecal ligation and puncture had higher mortality when 

treated with a GDF-15-blocking antibody. However, blocking GDF-15 did not cause an in-

crease in viral or bacterial load or inflammation, suggesting that GDF-15 was not directly 

involved with pathogen defence. Instead, the protective effects of GDF-15 were associ-

ated with neural signalling to the liver, stimulating triglyceride release into circulation. 

Maintenance of plasma triglycerides was required for cardiac function and maintenance 

of body temperature during infection, suggesting that GDF-15 regulates systemic me-

tabolism in response to stress. 

This is consistent with the various reports of metabolic disturbances in GDF-15 trans-

genic animals. For example, GDF-15-overexpressing mice have lower insulin levels, 

improved glucose tolerance, and increased oxidative metabolism (Wang et al., 2014), 

whereas GFRAL-deficient mice displayed impaired glucose tolerance (Hsu et al., 2017; 

Mullican et al., 2017). The implication of body temperature maintenance had been pre-
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viously investigated by Chrysovergis et al., who found that GDF-15-overexpressing mice 

had increased expression of genes promoting thermogenesis and lipolysis in their white 

and brown adipose tissue (Chrysovergis et al., 2014). The signalling downstream of GDF-

15 binding GFRAL is still incompletely elucidated. Appetite regulation and systemic met-

abolic regulation may be the dominant effects, but others may well exist and be physio-

logically relevant.

1.9. Interleukin 6 (IL-6) 

Preliminary experiments in the Culley group had shown that IL-6 protein was strongly 

elevated in the BAL fluid of elderly mice at the peak of RSV infection. Elevated IL-6 levels 

are also known to be a characteristic component of “inflammageing”, the constitutive 

low-grade inflammation sometimes observed with ageing (Franceschi et al., 2006). It was 

hypothesised that modulating IL-6 signalling may remove excess inflammation and thus 

improve the outcome of RSV infection in elderly mice. Simultaneously, IL-6 was known to 

affect both skeletal muscle mass and the germinal centre response, hence other effects 

of IL-6 modulation were also expected.

1.9.1. IL-6 signalling pathways

Interleukin 6 (IL-6) was originally described as a factor with the ability to promote the 

proliferation and activation of T cells, as well as the differentiation of B cells, primarily into 

antibody-secreting plasma cells (Klimpel, 1980; Yoshizaki et al., 1984; Hirano et al., 1986). 

Since then, many additional functions of IL-6 have been elucidated, yielding a picture of 

a complex, truly pleiotropic cytokine with both homeostatic, pro-inflammatory, and an-

ti-inflammatory effects. 

IL-6 is produced by almost all stromal cells and cells of the immune system (Hunter 

& Jones, 2015). IL-6 expression is induced by many different triggers, including IL-1β, 

TNF-α, TLR signalling, and prostaglandins, and its expression is controlled by a complex 

system of miRNAs, circadian factors, and RNAses (Viswanathan et al., 2009; Masuda et 

al., 2013; Sugimoto et al., 2014). The receptor for IL-6 consists of a specific alpha-recep-
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tor subunit (IL-6R) and the universal beta-receptor subunit gp130, which is responsible 

for signal transduction (Yamasaki et al., 1988; Taga et al., 1989; Hibi et al., 1990). Gp130 

is expressed ubiquitously on both immune and non-immune cells and also forms part of 

the receptor complexes for IL-11, IL-27, and a number of other cytokines (Yoshida et al., 

1996; Heinrich et al., 2003). The expression of IL-6R is restricted to hepatocytes, neutro-

phils, monocytes, macrophages, and some lymphocytes (Kopf et al., 1994; Jones et al., 

2010). 

Multiple pathways can be activated downstream of IL-6 engagement of the IL-6R/gp130 

complex. The best-characterised pathway activated by IL-6 signalling is the Jak/STAT 

pathway (Heinrich et al., 2003). Gp130 dimerisation activates Jak kinases, which recruit 

and phosphorylate STAT1 and STAT3 transcription factors. The above describes ‘classi-

cal’ IL-6 signalling, where free IL-6 binds to the IL-6R/gp130 complex on the membrane 

of a cell. The classical signalling pathway is restricted to cells which express both IL-6R 

and gp130. However, it is known that IL-6 can also signal through the ‘trans’ signalling 

pathway. During trans-signalling, IL-6 complexes with a soluble form of the IL-6R (sIL-6R), 

which increases the half-life of IL-6 in circulation, and allows signalling through any cell 

that expresses gp130 (Peters et al., 1996). 

Classical IL-6 signalling is thought to be mainly responsible for the role of IL-6 in the 

acute phase response to infection, as well as homeostatic functions such as regulat-

ing glucose metabolism, hyperthermia, fatigue and appetite loss (Schöbitz et al., 1995). 

IL-6 trans-signalling is involved in the recruitment and apoptosis of leukocytes, mainte-

nance of T cell effector function, and the activation of stromal tissue during inflammation 

(Jones, 2005; Campbell et al., 2014). sIL-6R is produced predominantly by monocytes 

and activated T cells (Atreya et al., 2000; Nowell et al., 2009; Briso, Dienz & Rincon, 2008; 

Jones et al., 2010). The expression of IL-6R in CD4+ T cells is mostly limited to naïve and 

central memory subsets (Briso, Dienz & Rincon, 2008; Jones et al., 2010). sIL-6R is gen-

erated by proteolytic cleavage of membrane-bound IL-6R, catalysed by the proteases 

ADAM17 and ADAM10 in humans, and ADAM10 alone in mice (Garbers et al., 2011; 
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Baran et al., 2013). In humans, alternative splicing of Il6ra mRNA also contributes to sIL-

6R production (Jones et al., 2001). To complicate matters, gp130 also exists in a soluble 

form, sgp130, which can block trans-signalling by IL-6/sIL-6R complexes (Diamant et al., 

1997; Jostock et al., 2001; Richards et al., 2006). 

Transgenic mouse models either removing a component or producing it in excess can 

shed light on the component’s physiological function. Mouse strains which overexpress 

IL-6 are more prone to developing a host of disorders including multiple myeloma, neuro-

logical disorders, pulmonary fibrosis and hypertension (Suematsu et al., 1989; Campbell 

et al., 1993; DiCosmo et al., 1994; Steiner et al., 2009). Overexpression of IL-6 in vivo also 

inhibits the generation of inducible T regulatory cells (Tregs), but does not affect natural 

Tregs (Fujimoto et al., 2011). IL-6- and IL-6R-knockout mice do not always display the 

same phenotype. For example, IL-6-deficient mice display a delay in wound healing, that 

IL-6R-deficient mice do not, but double-knockout mice display improved wound heal-

ing relative to IL-6-deficient mice (McFarland-Mancini et al., 2010). Generally, IL-6- and 

IL-6R-deficient mice commonly display impairments in their response to infection, in-

cluding a blunted antibody response and increased morbidity and mortality (Kopf et al., 

1994; Dienz et al., 2012). IL-6R-deficient mice also display metabolic changes such as 

insulin resistance (Mauer et al., 2014).

1.9.2. IL-6 in age

At steady state, serum levels of IL-6 in young, healthy humans are generally low, ranging 

from 1-5pg/ml. IL-6 levels rapidly rise in response to infection and can reach high levels in 

disease contexts like cancer, autoimmunity or septic shock (Waage et al., 1989; Panichi 

et al., 2004; Fraunberger et al., 2006; Mroczko et al., 2010). Serum levels of IL-6 increase 

with age and are a strong predictor of morbidity and mortality (Puzianowska-Kuźnicka 

et al., 2016). This may be due to the process of “inflamm-ageing”, a state of detrimental 

chronic inflammation sometimes observed with advancing age (Franceschi et al., 2006). 

Since IL-6 can have strong pro-inflammatory effects, it is likely that IL-6 contributes to 

inflammageing. 
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IL-6

Serum IL-6 levels 
increase with age 
and are a strong 

predictor of morbidity 
and mortality

Cesari et al., 2012;
Puzianowska-Kuźnicka et al., 2016

IL-6 blockade with monoclonal
antibodies increases risk of 

respiratory infections
Emery et al., 2008; 

Smolen et al., 2008; 
Hunter & Jones, 2015

IL-6 crosses the blood-brain-barrier
to induce sickness behaviour including 

malaise, anorexia and fever (pyrexia)
Plata-Salamán, 1996; 

Gabay & Kushner, 1999

IL-6 promotes the germinal
centre response by promoting

the di�erentiation of B cells,
and of T cells into T follicular 

helper (Tfh) cells
Hirano et al., 1986; 

Nurieva et al., 2008, 2009 

IL-6 is a “myokine”, a cytokine that is
produced by the muscle in response 

to injury or in�ammation and is 
required for repair 

Febbraio & Pedersen, 2005;
Carey et al., 2006;

Serrano et al., 2008

Chronically elevated IL-6 
is associated with sarcopenia,

probably due to anorexia and malaise
Schaap et al., 2006;

Ando et al., 2013, 2014

Figure 1-6 Overview of functions of IL-6

Overview of a selection of the effects of IL-6 signalling. IL-6 is a highly pleiotropic cytokine with disparate 
functions dependent on the biological context. Serum levels of IL-6 generally increase with age, and pre-
dict morbidity and mortality in the elderly (Cesari et al., 2012; Puzianowska-Kuźnicka et al., 2016). This 
increase in morbidity and mortality may in part be due to the effect of IL-6 on skeletal muscle. Chronically 
elevated IL-6 levels have been associated with sarcopenia and loss of muscle mass (Schaap et al., 2006; 
Ando et al., 2013, 2014). IL-6 may cause sarcopenia in various ways, including by inducing anorexia, fe-
ver, and malaise by signalling through the blood-brain-barrier to promote prostaglandin PGE2 production 
(Plata-Salamán, 1996;  Gabay & Kushner, 1999). However, there is also evidence that IL-6 promotes muscle 
repair, since it is upregulated in response to exercise and injury and promotes the differentiation of satellite 
cells (Febbraio & Pedersen, 2005; Carey et al., 2006; Serrano et al., 2008). IL-6 is known to promote the ger-
minal centre response by promoting the differentiation of B cells into antibody-secreting plasma cells and 
of T cells into T follicular helper (Tfh) cells (Hirano et al., 1986;  Nurieva et al., 2008, 2009). This function may 
be the reason why therapeutic blockade of IL-6 signalling for other purposes has been associated with an 
increased risk of infections of the respiratory tract, gastro-intestinal tract, and urinary tract (Emery et al., 
2008;  Smolen et al., 2008;  Hunter & Jones, 2015). 
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1.9.3. IL-6 in innate immunity 

IL-6 is involved in the regulation of multiple aspects of the innate immune system, in-

cluding haematopoiesis, granulopoiesis, and macrophage activity. IL-6 co-operates with 

granulocyte colony stimulating factor receptor (G-CSFR) to stimulate granulopoiesis, de-

termining the production of neutrophils, eosinophils and basophils (Liu et al., 1997). 

IL-6 trans-signalling is a key regulator of immune cell recruitment during the innate im-

mune response. Neutrophils express high levels of IL-6R, and readily shed IL-6R to create 

sIL-6R when activated (Modur et al., 1997). High levels of sIL-6R activate neighbouring 

endothelial cells to produce cytokines including IL-6, adhesion molecules such as ICAM-

1 and E-selectin, and CC and CXC chemokines which promote recruitment of mononu-

clear leukocytes (Modur et al., 1997; Hurst et al., 2001; McLoughlin et al., 2004). Crucially, 

this trans-signalling appears to suppress the expression of the classical neutrophil re-

cruitment chemokines CXCL1 and CXCL8, suggesting that IL-6 is crucial to support the 

transition from early neutrophil infiltration to later mononuclear leukocyte recruitment 

during inflammation (McLoughlin et al., 2004). This is demonstrated by the fact that IL-6 

KO mice display impaired leukocyte accumulation due to reduced chemokine produc-

tion at the site of inflammation (Romano et al., 1997). 

IL-6 can promote macrophage differentiation and drive an alternatively activated phe-

notype associated with wound healing. IL-6 promotes the differentiation of monocytes 

into macrophages rather than dendritic cells (DCs) (Chomarat et al., 2000; Bleier et al., 

2004). In vitro, IL-6 promotes the expression of macrophage colony stimulating factor 

(M-CSF) receptors on monocytes. This allows the monocytes to bind M-CSF (partially in 

an autocrine way) and promotes the macrophage lineage (Chomarat et al., 2000). In vitro, 

IL-6-deficient bone marrow produces large amounts of dendritic cells when stimulated 

with GM-CSF, but in vivo, IL-6-deficient mice had equivalent numbers of DCs to WT mice 

(Bleier et al., 2004). Mice whose myeloid cells are deficient in IL-6R are unable to generate 

alternately activated macrophages in response to IL4, suggesting that IL-6 together with 

IL4 is required for alternative polarization of macrophages, which have anti-inflammatory 
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and wound healing effects (Mauer et al., 2014). Additionally, IL-6 can directly inhibit mac-

rophage microbicidal activity and inhibit pro-inflammatory cytokine production (Silver et 

al., 2011; Nagabhushanam et al., 2003). IL-6 also has a role in barrier function and gut 

mucosal integrity. IL-6 produced by myeloid cells in the lamina propria protects intestinal 

epithelial cells (IECs) from apoptosis, which depending on the conditions can promote 

neoplastic growth and intestinal carcinomas, but also protects epithelial cells in models 

of acute colitis (Grivennikov et al., 2009; Barkhausen et al., 2011; Spehlmann et al., 2013). 

1.9.4. IL-6 in adaptive immunity

IL-6 is a key driver of multiple aspects of adaptive immunity. One of the earliest observa-

tions about IL-6 was that it was a strong inducer of antibody secretion by B cells (Yoshiza-

ki et al., 1984; Hirano et al., 1986). IL-6 overexpression in mice leads to IgG1 plasmacyto-

sis, and blockade of IL-6R with an antibody conversely inhibits plasmacytoma (Suematsu 

et al., 1989; Coulie, Vink & Van Snick, 1990). IL-6-deficient mice mount weaker IgG and 

IgA responses, which can be rescued with recombinant IL-6 (Kopf et al., 1994; Ramsay et 

al., 1994). IL-6 promotes the survival, population expansion, and maturation of B cells, pri-

marily to drive the plasmablast and plasma cell fates (Kawano et al., 1995; Jourdan et al., 

2014). However, the beneficial effect of IL-6 on the humoral immune response may also 

in part be indirect, via the action of IL-6 on T follicular helper (Tfh) cells. IL-6 is required for 

the differentiation of T cells into Tfh cells. IL-6 controls the expression of IL-21 in T cells 

and upregulates the expression of Bcl6, which promotes commitment to a Tfh cell fate 

(Nurieva et al., 2008, 2009; Dienz et al., 2009; Harker et al., 2011). Tfh cells in turn promote 

B cell proliferation and immunoglobulin class switching in lymphoid follicles in germinal 

centres. Thus IL-6 contributes to the generation of a functional antibody response in 

multiple ways. 

IL-6 also plays a role in promoting the type-17 phenotype of T cells. This subset of T cells 

can be either CD4+ (Th17 cells) or CD8+ (Tc17 cells) and is characterised by the secretion 

of IL-17. Exposure of a naïve T cell to IL-6 and TGF-β activates STAT3 signalling and the 

transcription factor RORγt (Veldhoen et al., 2006; Ivanov et al., 2006; Zhou et al., 2007). 
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This promotes expansion and the increased secretion of IL17. In humans, the differentia-

tion of Th17 cells does not require TGF-β (Acosta-Rodriguez et al., 2007). Th17 cells have 

physiological roles in the defence against fungal and bacterial diseases and promoting 

mucosal barrier functions, but can become pathogenic and cause local tissue damage 

in chronic inflammatory diseases such as rheumatoid arthritis (Langrish et al., 2005; Bär 

et al., 2014; Li, Casanova & Puel, 2018). This is evidenced by the fact that suppression 

of IL-17 or IL-6 improves experimental inflammatory conditions in mice, and that thera-

peutic targeting of IL-6 has some efficacy in treating rheumatoid arthritis (Langrish et al., 

2005; Nowell et al., 2009; Jones, Scheller & Rose-John, 2011).  

However, IL-6 can also promote anti-inflammatory responses. For example, IL-6 signal-

ling promotes the production of the anti-inflammatory cytokine IL-10 by T cells. T helper 

type 1, 2, and 17 cells can be induced to produce IL-10 in this manner, which is depend-

ent on STAT3 signalling (Stumhofer et al., 2007; McGeachy et al., 2007). This suggests 

that IL-6 also has a balancing role, in which it can both drive Th17 differentiation, but also 

restrain the pathogenic potential of this subset by inducing IL-10. Furthermore, IL-6 can 

inhibit Treg cell function in the presence of TLR signalling and prevents the conversion 

of T cells (particularly Th17) to Treg cells (Pasare & Medzhitov, 2003; Korn et al., 2008). 

Overexpression of IL-6 in vivo inhibits the generation of inducible Tregs, but does not 

affect natural Tregs (Fujimoto et al., 2011). 

1.9.5. IL-6 in infectious disease

As described above, IL-6 has many and varied roles in the immune system. IL-6 can act 

as a pro-inflammatory cytokine and is elevated systemically in many infectious diseases. 

IL-6-deficiency in mice generally correlates with a higher susceptibility to infection, 

emphasising its key role in pathogen defence. Mice deficient in IL-6 or IL-6R display in-

creased susceptibility and mortality from influenza virus A (IAV) infection (Dienz et al., 

2012; Lauder et al., 2013). This phenomenon was variably credited to impaired neutro-

phil-mediated viral clearance or impaired anti-viral T cell response in the absence of IL-6 

signalling. IL-6-deficient mice also fail to control infection with vaccinia virus or Listeria 
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monocytogenes and mount an impaired IgG response to VSV (Kopf et al., 1994). IL-6R-de-

ficient mice are more susceptible to LPS endotoxemia than wild-type mice (Mauer et al., 

2014). Pyle et al. found that in young mice, IL-6 signalling early during RSV infection was 

essential to prevent excessive immunopathology (Pyle et al., 2017). This mechanism was 

due to the induction of IL-27, which promotes Treg cells that dampen the immune re-

sponse. This stands in contrast to the ability of excess IL-6 to prevent Treg differentiation, 

which may be due to differing inflammatory environments (Fujimoto et al., 2011). The 

ability of IL-6 to prime Th17 may be counterproductive in a setting of viral infections since 

Th17 responses are anti-apoptotic, which might block the effects of cytotoxic T cells on 

virus-infected cells (Hou, Kang & Kim, 2009; Slaats et al., 2016). 

In humans, a number of naturally occurring mutations emphasise the importance of 

IL-6 signalling to pathogen defence. Children with autoantibodies to IL-6 develop recur-

rent staphylococcal infections and abscesses of the skin (Puel et al., 2008). People with 

mutations in the gene that encodes STAT3, a transcription factor crucial for IL-6 signal 

transduction, have strongly impaired innate and adaptive immune responses and have 

recurrent skin, lung and gut infections that can be fatal (Freeman & Holland, 2010). 

Due to its clear implication in detrimental inflammation, there have been attempts to 

block IL-6 signalling therapeutically in multiple disease contexts. Siltuximab is a mon-

oclonal antibody against IL-6 itself, and Tocilizumab is a monoclonal antibody against 

IL-6R. Siltuximab is effective in the treatment of multicentric Castleman’s disease, a con-

dition characterised by systemic inflammation and excessive lymphoproliferation (Sa-

rosiek, Shah & Munshi, 2016). Tocilizumab has shown effectiveness in treating inflam-

matory rheumatoid arthritis (Emery et al., 2008; Smolen et al., 2008). However, neither 

siltuximab nor tocilizumab have proven successful in the treatment of a number of other 

diseases, including cancers or inflammatory conditions such as psoriasis or Crohn’s dis-

ease (Ito et al., 2004; Jones, Scheller & Rose-John, 2011). Additionally, treatment with ei-

ther siltuximab and tocilizumab has been consistently found to increase the susceptibil-

ity to infectious disease (Emery et al., 2008; Smolen et al., 2008). The types of infections 
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associated with IL-6-blockade treatment are predominantly infections of the respiratory, 

urinary and GI tracts, which may imply impaired barrier function in the absence of IL-6 

signalling (Hunter & Jones, 2015). Treatment with Tocilizumab for rheumatoid arthritis 

was found to have side effects of serious bacterial infection, skin infections, soft tissue 

infections, and diverticulitis (Pawar et al., 2019). A study evaluating Tocilizumab for the 

treatment of atopic dermatitis found it was effective but led to bacterial superinfection in 

some treated patients (Navarini, French & Hofbauer, 2011). These findings highlight that 

IL-6 plays a key role in the protection against infectious disease and that blockade of IL-6 

signalling carries some risk. 

1.9.6. IL-6 and muscle wasting

In response to exercise, skeletal muscle produces large amounts of IL-6 and releases 

them into circulation (Steensberg et al., 2000). On this basis, IL-6 has been considered 

the prototypical “myokine”, a cytokine produced by skeletal muscle (Febbraio & Peders-

en, 2005). The effect of IL-6 signalling on skeletal muscle itself is controversial. Studies 

using IL-6-knockout mice have demonstrated that IL-6 has the potential to induce mus-

cle hypertrophy by stimulating the proliferation of satellite cells (Serrano et al., 2008). 

Myogenin expression is significantly reduced in the muscles of IL-6-deficient mice after 

muscle overload, suggesting impaired repair and growth in the absence of IL-6. IL-6 ex-

pression is also increased in myofibers and satellite cells during muscle overload, sug-

gesting a role in hypertrophy (Serrano et al., 2008). IL-6 produced by muscle during mus-

cle overload also fulfils paracrine functions by regulating metabolism and stimulating 

glucose production. IL-6R-deficient mice display insulin resistance (Mauer et al., 2014), 

and IL-6-deficient mice develop obesity and glucose intolerance (Matthews et al., 2010; 

Wallenius et al., 2002). Infusion of IL-6 stimulates glucose uptake in the muscles of hu-

mans, by a mechanism that was shown in myotubes to be due to the increased expres-

sion of GLUT4 on the plasma membrane (Carey et al., 2006). IL-6 also causes lipolysis 

and fatty acid oxidation in skeletal muscle (Van Hall et al., 2003; Wolsk et al., 2010). By 

these mechanisms, IL-6 is able to promote muscle repair, growth and function. 
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However, the beneficial role of IL-6 in muscle may be restricted to short-term, acute 

IL-6 signalling, such as occurs during exercise-induced damage, which requires some 

amount of inflammation to adequately repair. Prolonged IL-6 signalling may represent an 

unphysiological state which leads to dysregulation of muscle homeostasis. Since IL-6 

is commonly elevated in chronic inflammatory conditions which often involve muscle 

wasting, high IL-6 levels are frequently associated with muscle wasting, but may not 

be causative. For example, circulating IL-6 levels are inversely proportional to quadri-

ceps strength of patients with acutely exacerbating COPD (Spruit et al., 2003). Higher 

serum levels of IL-6 are predictive of decreased muscle strength, sarcopenia, disability, 

and mortality in older humans (Payette et al., 2003; Schaap et al., 2006; Cesari et al., 

2012). Mouse models provide some mechanistic evidence for a role of IL-6 in promoting 

muscle wasting. In cancer cachexia mouse models, blocking IL-6 suppresses cachexia, 

and transgenic mice overexpressing IL-6 display profound muscle wasting, a phenotype 

which can be reversed by blockade of IL-6R (Strassmann et al., 1992; Tsujinaka et al., 

1995, 1996). Blockade of IL-6 signalling in humans can likewise ameliorate some types 

of muscle wasting. Siltuximab treatment increases lean and fat mass in multicentric Cas-

tleman’s disease patients compared to placebo (Sawyer et al., 2014), and tocilizumab 

increases appetite and ameliorates weight loss in both humans and mice with cancer 

cachexia (Ando et al., 2013, 2014). A different anti-IL-6 monoclonal antibody, clazakizum-

ab, ameliorated muscle wasting in a small study of cachectic lung cancer patients (Rigas 

et al., 2010). However, the exact mechanism by which IL-6 promotes muscle wasting is 

unclear. Apart from direct, potentially autocrine effects on muscle, IL-6 may indirectly 

contribute to muscle wasting by generally promoting a pro-inflammatory, pro-catabolic 

environment (Muñoz-Cánoves et al., 2013). High levels of inflammation promote sick-

ness behaviour which often includes anorexia. Over longer time periods, anorexia leads 

to loss of lean and fat mass. IL-6-overexpressing mice or wild-type mice treated with 

IL-6 display growth defects and decreased IGF-1 levels, a phenotype which could be 

reversed with a monoclonal antibody to IL-6 (De Benedetti et al., 1997). Crucially, there 
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was no difference in food intake between untreated mice and IL-6-overexpressing or IL-

6-treated mice, suggesting that the effect of IL-6 on growth was independent of anorexia 

caused by systemic inflammation. IL-6 may contribute to muscle wasting including sar-

copenia by inhibition of IGF-1 production and activity. In a cohort of elderly people, IGF-1 

was independently associated with grip strength and muscle power only in subjects in 

the lowest tertile of plasma IL-6 levels, but not in those in the highest tertile (Barbieri et 

al., 2003). This suggests that IL-6 negatively regulates the production of IGF-1 so as to 

induce muscle wasting. This effect was linked to the ability of IL-6 to stimulate hepatic 

expression of IGF-1 binding protein 4 (IGFBP-4) in vitro, a protein which binds and blocks 

IGF-1 activity (Fernández-Celemín & Thissen, 2001). IGF-1 production was also signifi-

cantly decreased in mice treated with exogenous IL-6 (De Benedetti et al., 1997). 

A key cellular mediator of IL-6 signalling is the transcription factor STAT3. STAT3 has been 

suggested to promote muscle wasting because infusing muscles of rats with IL-6 induc-

es muscle atrophy concomitantly with increased STAT3 phosphorylation, and decreased 

phosphorylation of ribosomal S6 kinase, which promotes protein synthesis (Haddad et 

al., 2005). In this study, the expression of Atrogin-1 and MuRF-1 were not increased by 

IL-6 treatment, but IGF-1 mRNA was increased. This may be because the amounts of IL-6 

delivered were very small, as may be produced during moderate exercise, and delivered 

directly into the muscle (500,000-fold lower than De Benedetti et al., 1997). Muscle-spe-

cific knockout of Stat3 was able to prevent muscle wasting in mouse models of chronic 

kidney disease or acute diabetes (Zhang et al., 2013). Using myotubes, STAT3 was found 

to promote muscle wasting by stimulating the expression of myostatin. 

There is also evidence that IL-6 stimulates proteolysis in the muscle, although the ex-

act mechanism is unclear. It is possible that this is mediated by increased myostatin 

production as described above. Tsujinaka et al. in the earliest IL-6 overexpression mod-

els already found that IL-6 transgenic mice, which were atrophic, had increased mRNA 

and protein levels of the lysosomal cathepsins B and L in their muscles (Tsujinaka et al., 

1995, 1996). Increased activity of the 26S proteasome and cathepsin B and L was also 
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identified in myotube cultures treated with IL-6 (Ebisui et al., 1995). In mice genetically 

predisposed to cachexia, IL-6 overexpression was associated with increased expression 

of Atrogin-1 and Atg5, a driver of autophagy, (White et al., 2012). Although a direct link 

of IL-6 to muscle wasting is still elusive, the epidemiological evidence strongly suggests 

that IL-6 is a potent contributor to an atrogenic environment, particularly in the elderly. 

Any benefit from the blockade of IL-6 signalling however must be carefully balanced 

against the crucial role of IL-6 in the defence against pathogens. 

1.10. Study rationale

Little is known as to why RSV causes more severe disease in the elderly population, but 

age-related changes in anti-viral immunity that drive excess inflammation are likely to 

contribute. Pro-inflammatory cytokines are known to promote muscle loss in humans and 

mice (Patel et al., 2016; Peterson, Bakkar & Guttridge, 2011). These observations suggest 

that respiratory viral infections are important in promoting frailty in the elderly. Despite 

its clinical importance, the relationship between respiratory viral infection and muscle 

wasting, particularly in the elderly, is not well understood. This study aims to investigate 

muscle atrophy in a model of RSV infection in elderly mice. This model recapitulates the 

severe disease caused by RSV in elderly humans (Zhang et al., 2002b). RSV infection 

in elderly mice leads to more severe illness than in young mice, including impaired vi-

ral clearance, enhanced cellular inflammation and tissue damage in the lungs, cytokine 

production, and delayed recovery compared to young mice. Furthermore, infection in 

elderly mice results not only in acute loss of body weight, but in a sustained weight defi-

cit, long after recovery from the acute illness. This may correspond to a disproportionate 

loss of muscle mass. This study will develop multiple outputs for assessing the state of 

skeletal muscle in the elderly RSV mouse model, and correlate this to inflammatory re-

sponses. This will be the first detailed study of the potential mechanisms of muscle atro-

phy initiated during respiratory viral infection in the elderly. Understanding the pathways 

and mediators that promote muscle loss following respiratory infection could lead to new 

therapies that combat frailty in the elderly.
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1.10.1. Hypotheses

 � Elderly mice respond differently to RSV infection than young mice

 � Increased inflammation during RSV infection drives loss of skeletal muscle mass 

in elderly mice

1.10.2. Aims

 � Establish levels of muscle wasting in elderly mice with RSV infection

 � Determine which pathways and/or mediators are altered during RSV infection in 

the elderly

 � Block those mediators to attempt to stop wasting and identify therapeutic targets
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Figure 1-7 Summary diagram of hypothesis

Skeletal muscle exists in a balance between growth and atrophy. Muscle growth can be promoted by food 
intake, exercise, and anabolic steroids. Muscle atrophy can be caused by disuse (inactivity), injury of the 
muscle, or inflammation. This study aims to investigate how respiratory viral infection interacts with muscle 
wasting in the elderly. 



78



79

 

2.
Materials and Methods



Chapter 2.  

80



81

Animals

Chapter 2. Materials and Methods

2.1. Materials

2.1.1. Animals

All animals were purchased from Charles River Laboratories (Margate, United Kingdom). Female 

C57BL/6 mice were purchased either at age 8-10 weeks (hereafter called “young” mice) or 77+ 

weeks (~18 months; hereafter called “elderly” mice). Animals were housed in individually venti-

lated cages with food and water ad libitum at the animal facility of St Mary’s Hospital (Imperial 

College London, UK). Animals were allowed to acclimatise for one week prior to any experimen-

tal procedures being conducted. All animal experiments were conducted in accordance with the 

United Kingdom’s Home Office standards under the Animals (Scientific Procedures) Act, 1986 

and were approved by the Animal Welfare and Ethical Review Board (AWERB) at Imperial College 

London. 

2.1.2. Consumables
Table 2-1 Consumables

Product Supplier
96-well round bottom plates Corning, Corning, NY, USA

Axygen® Maxymum Recovery® filter pipette tips (1000µl) Corning, Corning, NY, USA

Bijou 7ml sample containers Thermo Fisher Scientific, Waltham, MA, USA

CELLSTAR® 175cm2/75cm2 cell culture flasks Greiner Bio-One, Kremsmünster, AU

CELLSTAR® 96-well V-bottom/flat-bottom plates Greiner Bio-One, Kremsmünster, AU

CELLSTAR® centrifuge tubes (15ml/50ml) Greiner Bio-One, Kremsmünster, AU

CELLSTAR® serological pipettes Greiner Bio-One, Kremsmünster, AU

Cryo.s™ freezing tubes (“cryotubes”) Greiner Bio-One, Kremsmünster, AU

DIAMOND Tipack filter pipette tips (10µl, 30µl, 100µl, 200µl) Gilson, Middleton, WI, USA

DIAMOND Towerpack pipette tips (1000µl, 200µl) Gilson, Middleton, WI, USA

EASYstrainer™ cell sieve (100µm) Greiner Bio-One, Kremsmünster, AU

Microcentrifuge tubes (1.5ml) Thermo Fisher Scientific, Waltham, MA, USA

gentleMACS C Tubes Miltenyi Biotec, Bergisch Gladbach, Germany

MicroAmp™ Optical 96-Well Reaction Plate with Barcode Applied Biosystems, Warrington, UK

MicroAmp™ Optical adhesive film Applied Biosystems, Warrington, UK

Microlon™ 96-well ELISA microplates Greiner Bio-One, Kremsmünster, AU

Natural thin-walled tubes (0.2ml) BioQuote Limited, York, UK

Round-bottom (RB) tubes QIAGEN, Hilden, Germany

Stainless steel beads (5mm diameter) QIAGEN, Hilden, Germany
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2.1.3. Reagents
Table 2-2 Reagents

Product Supplier
1-bromo-3-chloropropane Sigma-Aldrich, St Louis, MO, USA

7-AAD viability staining solution BioLegend, London, UK

Anti-GDF-15 antibody NGM Pharmaceuticals, San Francisco, CA, USA

Anti-IL-6-receptor antibody Bio X Cell, West Lebanon, NH, USA

ArC Amine Reactive Compensation bead kit Invitrogen, Carlsbad, CA, USA

BD CompBead Compensation bead kit BD Biosciences, Franklin Lakes, NJ, USA

Bovine Serum Albumin (BSA) Sigma-Aldrich, St Louis, MO, USA

Bradford reagent Sigma-Aldrich, St Louis, MO, USA

Cell staining buffer BioLegend, London, UK

Collagenase XI Sigma-Aldrich, St Louis, MO, USA

cOmplete Mini EDTA-free protease inhibitor cocktail tablets Roche, Welwyn Garden City, UK

Countbright absolute counting beads Invitrogen, Carlsbad, CA, USA

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma-Aldrich, St Louis, MO, USA

ELISA kits R&D Systems, Minneapolis, MN, USA

Ethanol 96% VWR, Radnor, PA, USA

ExtrAvidin-peroxidase Sigma-Aldrich, St Louis, MO, USA

Foetal Calf Serum (FCS) Gibco, Waltham, MA, USA

Foxp3 staining kit eBioscience, San Diego, CA, USA

Foxp3 Transcription Factor staining buffer kit Invitrogen, Carlsbad, CA, USA

GolgiStop™ protein transport inhibitor BD Biosciences, Franklin Lakes, NJ, USA

High-Capacity RNA-to-cDNA kit Applied Biosystems, Waltham, MA, USA

Hydrochloric acid Thermo Fisher Scientific, Waltham, MA, USA

Isoflurane Centaur Services, Castle Cary, UK

Isopropanol Thermo Fisher Scientific, Waltham, MA, USA

Isotype antibody for anti-IL-6 Bio X Cell, West Lebanon, NH, USA

Isotype antibody for anti-GDF-15 NGM Pharmaceuticals, San Francisco, CA, USA

L-glutamine Gibco, Waltham, MA, USA

Live/Dead Fixable Near-infrared stain Life Technologies, Carlsbad, CA, USA

Mouse GAPDH control Applied Biosystems, Waltham, MA, USA

Nuclease-free water Promega, Madison, WI, USA

OCT cutting compound VWR, Radnor, PA, USA

PBS tablets Sigma-Aldrich, St Louis, MO, USA

Penicillin-Streptomycin (Pen-Strep) Sigma-Aldrich, St Louis, MO, USA

Pentoject, Pentobarbitone Sodium 200 mg/ml Animalcare, York, UK

Phosphate-buffered saline (PBS) 1x Sigma-Aldrich, St Louis, MO, USA

ProLong Gold Antifade mountant Life Technologies, Carlsbad, CA, USA

Puromycin dihydrochloride Merck Millipore, Burlington, MA, USA

Rat IgG2b anti-mouse CD16/CD32 (“Fc block”) BD Biosciences, Franklin Lakes, NJ, USA

Roswell Park Memorial Institute (RPMI) medium Sigma-Aldrich, St Louis, MO, USA

SIGMAFAST™ 3,3′-Diaminobenzidine tablets Sigma-Aldrich, St Louis, MO, USA

Streptavidin-horseradish peroxidase Sigma-Aldrich, St Louis, MO, USA

Taqman probes Thermo Fisher Scientific, Waltham, MA, USA

Taqman Universal MasterMix II no UNG Applied Biosystems, Waltham, MA, USA
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Product Supplier
TMB solution Life Technologies, Carlsbad, CA, USA

TRI reagent Life Technologies, Carlsbad, CA, USA

Triton X100 Sigma-Aldrich, St Louis, MO, USA

Trypsin-EDTA Gibco, Waltham, MA, USA

TWEEN-20 Sigma-Aldrich, St Louis, MO, USA

2.1.4. Media and buffers

Media and buffers used “off-the-shelf” are listed in Table 2-2. 
Table 2-3 Media and buffers

Name Contents Final concentration
ACK buffer Distilled water -

KHCO3 10mM

EDTA 0.1mM

NH4Cl 154mM

BAL medium PBS 1X

EDTA 50mM

Complete DMEM DMEM 1X

FCS 10%

L-glutamine 2mM

Complete RPMI RPMI 1X

FCS 10%

L-glutamine 2mM

Penicillin 100U/ml

Streptomycin 100μg/ml

Coating buffer Distilled water -

Sodium Bicarbonate 50mM

adjusted to pH 9.6

2.1.5. Instruments
Table 2-4 Instruments

Name Supplier
BD LSRFortessa™ BD Biosciences, Franklin Lakes, NJ, USA

Heraeus Megafuge 40R Thermo Fisher Scientific, Waltham, MA, USA

Sorvall Legend Micro 21 centrifuge Thermo Fisher Scientific, Waltham, MA, USA

7500 Fast Real-Time PCR  system Applied Biosystems, Waltham, MA, USA

GentleMACS dissociator Miltenyi Biotec, Bergisch Gladbach, Germany

Bright Cryostat microtome Bright Instruments, Luton, UK

BioWizard Silver Line Biosafety cabinet Kojair, Mänttä-Vilppula, Finland
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Name Supplier
mLINE® mechanical pipettes Sartorius, Göttingen, Germany

NanoDrop 1000 Spectrophotometer Thermo Fisher Scientific, Wilmington, DE, USA

Tissue culture incubator Binder, Tuttlingen, Germany

Tissue lyser LT QIAGEN, Hilden, Germany

Ultrasonic water bath Ultrawave, Cardiff, South Wales, UK

Zeiss Axio Observer inverted Widefield microscope Carl Zeiss Ltd, Cambridge, UK

SubAqua 18 Plus water bath Grant Instruments, Royston, UK

FLUOStar Omega Microplate reader BMG Labtech, Aylesbury, UK

2.1.6. Software
Table 2-5 Software

Name Supplier
Adobe Illustrator CC 2019 Adobe Systems Europe Limited, Berkshire, UK

Adobe InDesign CC 2019 Adobe Systems Europe Limited, Berkshire, UK

BD FACSDiva™ BD Biosciences, Franklin Lakes, NJ, USA

7500 Fast Systems SDS v1.4 Applied Biosystems, Paisley, UK

Fiji v2 ImageJ, NIH, Bethesda, MD, USA

FlowJo v10 BD, Ashland, OR, USA

GraphPad Prism v8 GraphPad Software, San Diego, CA, USA

MARS Data Analysis v1.3 BMG Labtech, Aylesbury, UK

Microsoft Office 365 Microsoft, Redmond, WA, USA

Omega Reader Control BMG Labtech, Aylesbury, UK

2.1.7. Antibodies

Antibodies used for flow cytometry staining are listed under Section 2.2.7. 
Table 2-6 Primary antibodies for Immunohistochemistry

Target Clone/Name Supplier Final concentration
Myosin Heavy Chain 
(MyHC) I

BA-D5 Developmental Studies Hybridoma 
Bank, Iowa City, IA, USA

0.35μg/ml

MyHC IIA SC-71 Developmental Studies Hybridoma 
Bank

0.32μg/ml

MyHC IIB BF-F3 Developmental Studies Hybridoma 
Bank

0.62μg/ml

Laminin L9393 Sigma-Aldrich, Gillingham, UK 0.50μg/ml
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Table 2-7 Secondary antibodies for Immunohistochemistry

Host specificity and isotype Fluorophore Supplier Final concentration

Goat anti-Mouse IgG2b Alexa Fluor 555 Invitrogen, Carlsbad, CA, USA 10μg/ml

Goat anti-Mouse IgG1 Alexa Fluor 350 Invitrogen, Carlsbad, CA, USA 10μg/ml

Goat anti-Mouse IgM Heavy Chain Alexa Fluor 488 Invitrogen, Carlsbad, CA, USA 10μg/ml

F(ab')2-Goat anti-Rabbit IgG (H+L) Alexa Fluor 647 Invitrogen, Carlsbad, CA, USA 10μg/ml
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2.2. Methods

2.2.1. RSV stock propagation 

RSV strain A2 (originally from ATCC, Old Town Manassas, VA, USA) was propagated in 

human epithelial type 2 (HEp-2, ATCC) cells and viral stock titre determined using an 

immunoplaque assay.

2.2.1.1. HEp-2 cell culture

HEp-2 cells were cultured in antibiotic-free complete DMEM in 175cm2 flasks at 37°C 

with 5% CO2 and passaged when almost confluent. Medium was removed and the cell 

monolayer washed with serum-free DMEM. 20ml of trypsin EDTA solution was added 

and incubated at room temperature for 5 minutes until the monolayer detached with 

gentle manual agitation. The trypsin was neutralised with an equal volume of complete 

DMEM. The contents of the flask were centrifuged and the supernatant was discarded. 

The cell pellet was resuspended in complete DMEM and seeded into new flasks at a 

density of 5 x 106 per flask. 

2.2.1.2. Growing RSV 

5 x 106 HEp-2 cells were seeded in a volume of 50ml of medium in a 175cm2 flask. Cells 

were left to grow to approximately 50% confluence overnight at 37°C. The medium was 

removed and the cells gently washed with serum-free DMEM. Cells were infected with 

0.1PFU RSV per cell, suspended in 3ml of serum-free DMEM, taking into account that 

cells had approximately doubled overnight. The flask was incubated at 37°C for two 

hours with gentle rocking, to achieve even distribution of infection and prevent drying 

out of the cell monolayer. After two hours, 30ml of complete DMEM was added and the 

flask incubated for 24 hours at 37°C. The serum content was reduced to 2% by removing 

25ml of medium from the flask and replacing it with 25ml of serum-free DMEM. The flask 

was incubated for 24-48 hours and regularly assessed for the cytopathic effect of the in-

fection. Once down to approximately 50% confluence, the medium was removed and the 

cells now containing virus were harvested with a cell scraper. Stocks were sonicated for 

20 seconds in an ice cold water bath and centrifuged to remove cell debris. The super-
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natant containing virus was aliquoted, snap frozen in liquid nitrogen and stored at -80°C. 

2.2.1.3. RSV stock quantification

3 x 106 HEp-2 cells were seeded into a flat-bottom 96-well plate in complete DMEM and 

incubated at 37°C overnight. The next day, cells were washed with serum-free DMEM 

and infected with a serial dilution of viral stock (e.g. twofold dilution starting at 1:100). 

Each dilution was performed in triplicate. Cells were incubated for two hours at 37°C with 

gentle rocking. 150μl of complete DMEM was added to each well and plates incubated 

for 24 hours at 37°C. The next day, cells were washed with PBS and fixed with methanol 

and 2% hydrogen peroxide for 20 minutes at room temperature. Cells were washed twice 

with PBS 1% BSA. Cells were stained with biotinylated polyclonal goat anti-RSV antibody 

(1:500; Bio-Rad, Hercules, CA, USA) and incubated for one hour at room temperature. 

The plate was washed twice with PBS 1% BSA and incubated for 30 minutes with ExtrA-

vidin peroxidase (Sigma-Aldrich, St Louis, MO, USA) at room temperature. The plate was 

washed twice again and 50μl of 3,3’-diaminobenzidine (DAB) solution (Sigma-Aldrich, 

St Louis, MO, USA) added. Cells were incubated for approximately 20 minutes at room 

temperature, or until the desired level of colour change was achieved. The plate was 

washed with PBS to stop the reaction. Plaques were counted under a microscope and 

plaque-forming units (PFU) calculated with the following equation: 

2.2.2. RSV infection of animals

Mice were anaesthetised with isoflurane vapour and infected intranasally with 2.3-3 x 

105 PFU of RSV suspended in 75μl phosphate-buffered saline (PBS). This dose caused 

weight loss in elderly, but not young mice. Age-matched control groups were not infect-

ed (referred to as “day 0”). Mice were weighed daily and monitored for signs of illness. 

2.2.3. Antibody treatments

2.2.3.1. Anti-GDF-15 antibody

Anti-GDF-15 antibody and isotype control antibody against keyhole limpet hemocyanin 
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were kindly provided by Bernard Allan and Harding Luan (NGM Biopharmaceuticals, San 

Francisco, CA, USA). 250μg antibody or isotype control suspended in 100μl PBS was 

injected intraperitoneally one day pre-infection. 

2.2.3.2. Anti-IL-6R antibody

Anti-IL-6R antibody (15A7) and isotype control antibody against keyhole limpet hemo-

cyanin (LTF-2) were purchased from BioXCell (West Lebanon, NH, USA) (Coulie, Vink & 

Van Snick, 1990). 150μg antibody suspended in 200μl PBS was injected intraperitoneally 

one day before infection and every 5 days after that (i.e. day 4, 9, 14 post-infection) (Pyle 

et al., 2017). 

2.2.4. Tissue collection 

Tissues were collected at three time points: from uninfected mice (“day 0”), 8 days 

post-infection, or 18 days post-infection. Mice were euthanised by intraperitoneal injec-

tion with an overdose of Pentoject (pentobarbitone sodium, 20% w/v; Animalcare, York, 

UK). Blood was obtained by cardiac puncture, serum extracted and stored at -80°C. The 

trachea was cannulated with polythene tubing and the lungs flushed three times with 

1ml of 5mM EDTA/PBS to obtain bronchoalveolar lavage (BAL) fluid. The left lung was 

used for flow cytometric analysis as described below. Right lung lobes were retained 

and snap frozen for qPCR analysis. The tibialis anterior (TA) muscle was extracted from 

both legs. The right TA was snap frozen and later weighed and cut in half for qPCR and 

ELISA analysis. The left TA was weighed and embedded for immunohistochemistry as 

described below. The tibia bone was extracted from both legs, cleaned of muscle tissue, 

and length measured with calipers. 

2.2.5. TA atrophy index

Relative muscle atrophy was calculated for each individual animal as follows: 
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This “TA atrophy index” was based on a previous method normalising TA weight to bod-

yweight (Patel et al., 2016). However, bodyweight of elderly mice was known to change 

over the course of RSV infection, distorting the index. Instead, TA weight was normalised 

to the length of the corresponding animal’s tibia. Tibia length should remain unchanged 

during infection. The length of the tibia was cubed to obtain a measure of the same di-

mension as weight. The reciprocal was taken so that larger values would indicate higher 

atrophy. 

2.2.6. ELISA

2.2.6.1. Cytokines

Levels of IL-6, TNF-α, and GDF-15 were assayed using DuoSet ELISA kits (R&D Systems, 

Minneapolis, MN, USA) according to the manufacturer’s instructions. 

2.2.6.2. RSV-specific serum IgG

Anti-RSV IgG levels in serum were assayed with a modified ELISA protocol. RSV was 

grown in HEp-2 cells as detailed in 2.2.1. Infected monolayers were harvested, centri-

fuged, and the supernatant discarded. The cell pellet was resuspended in 2ml cDMEM 

and sonicated in an ice bath for 10 minutes. This suspension was aliquoted and stored 

at –20°C. Mock-infected HEp-2 cells were prepared in the same way to measure back-

ground binding. Microlon ELISA plates were coated half with HEp-2 antigen and half 

with RSV antigen and incubated overnight at 4°C. Plates were washed with PBS + 0.05% 

TWEEN-20 and blocked with PBS + 1% BSA for 1 hour at 37°C. After three washes, se-

rum was added in serial dilutions from 1:50 to 1:1,600 in PBS + 1% BSA and plates incu-

bated for 2 hours at 37°C. After four washes, HRP-conjugated rabbit anti-mouse Ig (Sig-

ma-Aldrich, St Louis, MO, USA) was added and plates incubated for another 2 hours at 

37°C. Plates were washed five times and peroxidase TMB substrate (Life Technologies, 

Carlsbad, CA, USA) added. The reaction was stopped with 1N hydrochloric acid once 

colour had developed sufficiently. Plates were read at 450nm on an FluoStar Omega 

plate reader (BMG Labtech, Aylesbury, UK). The average optical density (OD) values of 

HEp-2-antigen-coated wells was subtracted from the average values for the correspond-
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ing RSV-antigen-coated wells to obtain RSV-specific binding.

2.2.6.3. Puromycin

Puromycin content of muscle was assayed using a protocol adapted from one kindly 

provided by Paul Kemp (Schmidt et al., 2009; Goodman & Hornberger, 2013). 30 min-

utes prior to euthanasia, mice were injected with 0.8μmol puromycin dihydrochloride 

(Sigma-Aldrich, St Louis, MO, USA) suspended in 100μl PBS. After euthanasia, the right 

tibialis anterior (TA) muscle was extracted and snap frozen. Later, the TA was thawed 

and cut in half. One half was used for qPCR and the other for this assay. The tissue was 

added to cOmplete protease inhibitor buffer in PBS (Roche, Welwyn Garden City, UK) and 

homogenised with a steel bead in a TissueLyser LT (Qiagen, Hilden, Germany) at 50Hz 

for 4 minutes. The samples were centrifuged and the protein-containing supernatant re-

moved and assayed for protein content by Bradford assay. Plates were coated overnight 

with 100ng/μl protein supernatant in bicarbonate buffer (pH 9.6) at room temperature. 

The next day, plates were blocked with 5% BSA in PBS for 30 minutes at room tempera-

ture. Plates were incubated with 100ng/ml of puromycin antibody (12D10; Merck Milli-

pore, Burlington, MA, USA) for one hour at room temperature. Plates were washed with 

PBS and incubated with the secondary antibody, AffiniPure peroxidase conjugated goat 

anti-mouse IgG2a (1:1,000; Jackson ImmunoResearch, Ely, UK), for one hour at room 

temperature. TMB substrate (Life Technologies, Carlsbad, CA, USA) was added and the 

reaction stopped with 1N HCl. Plates were read at 450nm on an FluoStar Omega plate 

reader (BMG Labtech, Aylesbury, UK). 

2.2.7. Immunohistochemistry

2.2.7.1. Cryosectioning and histological staining

Left TA muscles were embedded in OCT compound (VWR, Radnor, PA, USA) and snap 

frozen in isopentane cooled with liquid nitrogen. Cryosections of 6µm thickness were cut 

using a cryostat microtome (Bright Instruments, Luton, UK). Cryosections were thawed, 

permeabilized with 0.5% Triton X-100 in PBS (Sigma-Aldrich, St Louis, MO, USA) for five 

minutes, and blocked in 2% goat serum in PBS for an hour. All antibodies were diluted 



91

Immunohistochemistry

in 2% goat serum in PBS. Slides were incubated with primary antibodies at room tem-

perature overnight or for three hours with gentle rocking. Slides were washed with PBS 

and secondary antibodies were applied for one hour. Finally, slides were washed and 

mounted in ProLong Gold mountant (Life Technologies, Carlsbad, CA, USA), and kept in 

the dark at 4°C until imaging. The panel used stains three different isoforms of myosin 

heavy chain (MyHC), the expression of which determines the contractile properties of 

a muscle fibril, and laminin, a primary component of the basal lamina, the extracellular 

matrix (ECM) in between individual muscle fibres.  Primary antibodies against myosin 

heavy chain epitopes were obtained from the Developmental Studies Hybridoma Bank, 

created by The Eunice Kennedy Shriver National Institute of Child Health and Human 

Development of the National Institutes of Health and maintained at The University of 

Iowa, Department of Biology, Iowa City, IA, USA. The primary antibodies were used at 

concentrations described in Table 2-6. Secondary antibodies were purchased from Invi-

trogen (Carlsbad, CA, USA), at the concentrations described in Table 2-7. 

2.2.7.2. Imaging and analysis

Slides were imaged on a Zeiss Axio Observer inverted Widefield microscope with a mo-

torised stage at the Facility for Imaging by Light Microscopy (FILM) at Imperial College 

London. Images were acquired at 20x magnification and tiled to form a single image of 

the entire muscle cross section. Images were analysed using Fiji software (Schindelin 

et al., 2012). A macro was written in order to automate analysis of the size of individual 

muscle fibres. In brief, an image of a laminin-stained section was converted to a binary 

black-and-white “thresholded” image, determining which parts of the image are ECM 

and which parts are individual muscle fibres. The minimum Feret’s diameter of the in-

dividual muscle fibres thus detected was measured and recorded. Minimum Feret’s di-

ameter was chosen as the most appropriate measure of fibre size, since it is less prone 

to distortion by irregular cutting angles than maximum diameter or cross-sectional area 

(Patel et al., 2016; Guiraud & Davies, 2019). The minimum Feret’s diameter is defined as 

the shortest possible distance between two parallel tangents of an object (here, a mus-
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cle fibre) (Briguet et al., 2004). Briefly, the minimum Feret’s diameter is determined thus: 

An object is bordered by two parallel lines intersecting the opposite outermost edges of 

the object. The distance between the parallel lines is recorded. The object is rotated by 

a set number of degrees, here 5°, and the parallel lines adjusted to intersect the outer-

most edges of the object. The distance between the parallel lines is again recorded. This 

process is repeated until a full revolution of the object has been achieved. The minimum 

Figure 2-1 Macro for analysis of muscle fibre size

Macro written in the ImageJ macro language used for automatically detecting muscle fibres and measur-
ing and recording minimum Feret’s diameter. In brief, the macro records the name of the open image file.  
It determines the file directory in which results will be saved. The image file consisting of an overlay from 
multiple fluorescent channels is split into separate images each representing the signal from one stain. 
The image showing the laminin stain is selected and the contrast and brightness enhanced. The image is 
thresholded into a black-and-white image based on the intensity of the laminin staining. This distinguish-
es ECM from the individual muscle fibres. There is a manual approval step at this point. If approved, the 
image is converted to a mask that identifies each muscle fibre based on the threshold. Each fibre is then 
measured and the results saved to a spreadsheet. 
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Feret’s diameter of the object is the shortest distance between the parallel lines record-

ed during any rotation. Areas of the image where sections were folded over or visibly 

distorted were excluded from analysis, as were fibres not derived from the TA. The code 

used in this analysis is shown in Figure 2-1. For an illustration of the steps of the macro 

see Figure 3-23. 

2.2.8. Flow cytometry

2.2.8.1. Preparation of single-cell suspensions

Lungs were homogenised using a gentleMACS dissociator (Miltenyi Biotec, Bergisch 

Gladbach, Germany) and digested in 2.5 mL collagenase XI (Sigma-Aldrich, St Louis, 

MO, USA) at 37°C for 30 minutes. Red blood cells were lysed using filter sterilised ACK 

buffer (154mM ammonium chloride, 10mM potassium bicarbonate, 0.1mM EDTA), and 

single-cell suspensions obtained by filtering through 100µm filters. BAL fluid was cen-

trifuged, and the supernatant removed and stored at -80°C. Red blood cells in the BAL 

cell pellet were lysed with ACK buffer as above. Final cell suspensions were in complete 

medium, consisting of RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) with 

10% FCS, 100U/ml penicillin and 100µg/ml streptomycin.

2.2.8.2. Cell counting

The number of live cells in each sample was determined by flow cytometry. A small al-

iquot of single-cell suspensions was stained for dead cells with 7-AAD diluted 1:100 in 

PBS (BioLegend, London, UK) and combined with a known quantity of CountBright Ab-

solute Counting Beads (Thermo Fisher Scientific, Waltham, MA, USA). 5,000 bead events 

were recorded on the flow cytometer. Dead cells staining for 7-AAD and doublets were 

excluded from analysis. The number of live single cells in the original sample was calcu-

lated based on the ratio of counting beads to cells acquired, with the following equation: 

2.2.8.3. Surface epitope staining

For flow cytometric staining, 200µL of single-cell suspension was plated on a 96-well 
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v-bottomed plate. All staining was carried out in cell staining buffer (BioLegend, London, 

UK). Dead cells were stained using the Live/Dead® Fixable Near-Infrared stain kit (Life 

Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. Cells 

were incubated with Fc receptor block at 1:50 in staining buffer (BD Biosciences, Frank-

lin Lakes, NJ, USA) on ice for 15 minutes to prevent non-specific antibody binding. Cells 

were then stained with antibodies at room temperature for one hour. Antibodies used 

are shown in Table 2-8. Cells were fixed with fixation buffer (BioLegend, London, UK) on 

Table 2-8 Antibodies used for flow cytometry surface staining

Antigen Clone Fluorophore Isotype Dilution Manufacturer
CD3 AF700 17A2 Rat IgG2b 1:100 BioLegend

CD3 PE-eFluor610 145-2C11 American hamster IgG 1:400 eBioscience

CD4 BV510 RM4-5 Rat IgG2a 1:100 BioLegend

CD4 BV605 GK1.5 Rat IgG2b 1:200 BioLegend

CD4 FITC RM4-5 Rat IgG2a 1:100 eBioscience

CD8 APC-H7 53-6.7 Rat IgG2a 1:100 BioLegend

CD8 BV785 53-6.7 Rat IgG2a 1:200 BioLegend

CD8 Pacific Blue 53-6.7 Rat IgG2a 1:100 BD Biosciences

CD19 BV605 6D5 Rat IgG2a 1:200 BioLegend

CD19 PerCP Cy5.5 6D5 Rat IgG2b 1:100 BioLegend

CD38 PE 90 Rat IgG2a 1:200 BD Biosciences

CD45 PE 30-F11 Rat IgG2b 1:400 BioLegend

CD95 PerCP Cy5.5 SA367H8 Mouse IgG1 1:100 BioLegend

CXCR5 BV421 L138D7 Rat IgG2b 1:50 BioLegend

GL7 AF488 GL7 Rat IgM 1:200 BioLegend

Gr1 BV510 RB6-8C5 Rat IgG2b 1:200 BioLegend

KLRG1 BV711 2F1/KLRG1 Syrian hamster IgG 1:100 BioLegend

NK1.1 PE-Cy7 PK136 Mouse IgG2a 1:100 BioLegend

PD1 PE-Cy7 RMP1-30 Rat IgG2b 1:200 BioLegend

Table 2-9 Antibodies used for flow cytometry intracellular cytokine staining

Antigen Clone Fluorophore Isotype Dilution Manufacturer
IFNg FITC XMG1.2 Rat IgG1 1:100 BioLegend

IL-10 BV421 JES5-16E3 Rat IgG2b 1:100 BioLegend
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ice for 30 minutes, washed, and resuspended in FACS buffer. Plates were kept at 4°C 

until run on the flow cytometer. In addition to samples from individual mice, wells were 

prepared from a mixture of cells that were stained with all antibodies in the panel except 

for one (fluorescence minus one, FMO). The outcome of these FMO controls was used 

to determine gating strategies. 

2.2.8.4. CD4+ RSV tetramer staining

To assay RSV-specific CD4+ responses, some samples were additionally stained with an 

MHC class II tetramer loaded with an RSV M2 peptide. This tetramer (I-Ab-M226-39-APC) 

and the CLIP loading control (I-Ab-hCLIP-APC) were a kind gift from James Harker. The 

tetramers were produced by the MHC tetramer core facility of the National Institute of 

Allergy and Infectious Diseases (Atlanta, Georgia). After dead cell staining and Fc recep-

tor blockade as detailed above, cells were stained with tetramer in 1:100 dilution at room 

temperature for three hours. Cells were washed with staining buffer and surface epitope 

staining proceeded as above. 

2.2.8.5. Intracellular cytokine staining

For intracellular cytokine staining, cell suspensions were prepared as above. After plat-

ing, cells were re-stimulated with 100ng/ml PMA and 1μg/ml ionomycin at 37°C for one 

hour. Then, 10μl Golgi Stop protein transport inhibitor (BD Biosciences, Franklin Lakes, 

NJ, USA) per well was added and cells were incubated for another two hours. Afterwards, 

staining steps for surface antibodies proceeded as above up to and including the final 

fixation and wash steps. The next day, cells were washed into Permeabilization Wash 

Buffer (BioLegend, London, UK) to permeabilise cell membranes and allow staining of 

intracellular epitopes. Non-specific binding of antibodies was prevented by incubation 

with Fc receptor block (BD Biosciences, Franklin Lakes, NJ, USA) on ice for 15 minutes. 

Cells were then stained with antibodies to intracellular cytokines at room temperature 

for 1 hour, washed, and analysed immediately on the flow cytometer. Antibodies used to 

intracellular cytokine staining are shown in Table 2-9. 

2.2.8.6. Cell acquisition and analysis
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Flow cytometry was carried out on an LSRFortessaTM Cell Analyzer (BD Biosciences, 

Franklin Lakes, NJ, USA) at the core Imperial College St Mary’s Campus FACS facili-

ty. Data was acquired using BD FACSDiva™ software (BD Biosciences, Franklin Lakes, 

NJ, USA). Overlap in fluorescence spectra was compensated for using BD CompBeads 

(BD Biosciences, Franklin Lakes, NJ, USA) and ArC Amine reactive compensation beads 

(Thermo Fisher Scientific, Waltham, MA, USA). 50,000 live single-celled lymphocytes 

were acquired or as many as possible by acquiring the entire sample. Flow cytometric 

Table 2-10 General qPCR probes

Name Gene name Catalogue number

Atrogin-1 Fbxo32 Mm00499523_m1
GDF-15 Gdf15 Mm00442228_m1
IFN-gamma Ifng Mm01168134_m1
IGF-1 Igf1 Mm00439560_m1
IL-1 beta Il1b Mm00434228_m1
IL-6 Il6 Mm00446190_m1
Mef2c Mef2c Mm01340842_m1
MuRF-1 Trim63 Mm01185221_m1
MyoD1 Myod1 Mm00440387_m1
Myogenin Myog Mm00446194_m1
Myostatin Mstn Mm01254559_m1
Pax7 Pax7 Mm01354484_m1
TNF-alpha Tnf Mm00443258_m1

Table 2-11 General qPCR reaction mix

Reagent Volume (ul)

TaqMan Universal MasterMix II with no UNG 6.25
Target probe (FAM/MGB) 0.625
GAPDH mouse control (VIC/MGB) 0.625
Nuclease-free H2O 4.00
Subtotal 11.5
+cDNA 1.00
Total reaction 12.5
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data was analysed with FlowJo software version 10.1 (BD, Ashland, OR, USA) and Micro-

soft Excel.

2.2.9. Quantitative polymerase chain reaction (PCR) 

2.2.9.1. RNA extraction and cDNA conversion

Quantitative PCR (qPCR) was carried out to determine the mRNA expression levels of 

specific genes in lung and muscle at various times after RSV infection. Lung and TA 

muscle were homogenised in TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) with 

a TissueLyser LT (Qiagen, Hilden, Germany). RNA was extracted with 1-Bromo-3-chloro-

propane (Sigma-Aldrich, St Louis, MO, USA) and precipitated with isopropanol. Pellets 

were washed with 75% ethanol, air dried, and resuspended in RNase-free water. RNA 

concentration was measured using a NanoDrop® ND-1000 spectrophotometer (Ther-

mo Fisher Scientific, Waltham, MA, USA). cDNA was synthesised using a high-capacity 

RNA-to-cDNA kit (Applied Biosystems, Waltham, MA, USA) according to the manufactur-

er’s instructions. 

Table 2-12 RSV L gene qPCR primers and probe

Name Sequence (5’→3’) Supplier

L gene forward primer GAACTCAGTGTAGGTAGAATGTTTGCA Invitrogen, Carlsbad, CA, USA
L gene reverse primer TTCAGCTATCATTTTCTCTGCCAAT Invitrogen, Carlsbad, CA, USA
L gene probe (FAM) TTTGAACCTGTCTGAACATTCCCGGTT Invitrogen, Carlsbad, CA, USA

Table 2-13 RSV L gene qPCR reaction mix

Reagent Volume (ul)

TaqMan Universal MasterMix II with no UNG 6.25
L gene forward primer (5μM) 2.25
L gene reverse primer (5μM) 0.75
L gene probe (FAM) 0.44
Nuclease-free H2O 1.81
Subtotal 11.5
+cDNA 1.00
Total reaction 12.5
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2.2.9.2. qPCR for relative gene expression

Probes used were purchased from Thermo-Fisher (Waltham, MA, USA) and are listed 

in Table 2-10. Probes were conjugated to a double dye with a FAM fluorophore and an 

MGB quencher. Simultaneously, the expression of the housekeeping gene GAPDH was 

measured using a probe conjugated to a VIC fluorophore with an MGB quencher (Ap-

plied Biosystems, Waltham, MA, USA). The reaction mix containing TaqMan Universal 

MasterMix II with no UNG (Applied Biosystems, Waltham, MA, USA), nuclease-free wa-

ter, target probe, GAPDH probe, and cDNA was made up in the proportions shown in 

Table 2-11. Reactions were run on a 7500 Fast Real-Time PCR System machine (Applied 

Biosystems, Waltham, MA, USA). Samples underwent a two-minute hold phase at 50°C, 

a ten-minute hold phase at 95°C, followed by 40 cycles of 95°C for 15 seconds and 60°C 

for one minute. Results were analysed using the 7500 Fast Systems SDS software and 

Microsoft Excel. In brief, the CT (cycle threshold) value of GAPDH was subtracted from 

the CT value of the target gene, in order to eliminate differences in starting amount or 

enzymatic activity (obtaining the ΔCT). This normalised mRNA expression level was then 

converted to the fold change in expression in relation to the average ΔCT of young unin-

fected mice (2−ΔΔCT). 

2.2.9.3. RSV L gene qPCR

The expression of RSV L gene was quantified absolutely using a DNA plasmid standard 

curve. Forward and reverse primers and a separate FAM-tagged probe for L gene were 

custom-made by Invitrogen (Carlsbad, CA, USA). The sequences of the probe and prim-

ers are shown in Table 2-12. The reaction mix consisting of TaqMan Universal MasterMix 

II with no UNG (Applied Biosystems, Waltham, MA, USA), nuclease-free water, L gene 

forward primer, L gene reverse primer, L gene probe, and cDNA was made up in the pro-

portions shown in Table 2-13. Reactions were run on a 7500 Fast Real-Time PCR System 

machine (Applied Biosystems, Waltham, MA, USA). Samples underwent the same ther-

mocycling protocol as above, but with 45 cycles to allow for detection of low levels of L 

gene. Results were fitted to the standard curve with the 7500 Fast Systems SDS software 
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and quantities of L gene per 0.1μg of RNA calculated. 

2.2.10. Human RSV challenge samples

Plasma and BAL fluid samples were available from 10 participants of the INFLAMMAGE 

clinical study (trial registration NCT03728413). This study was conducted at the NIHR/

Wellcome Trust Imperial Clinical Research Facility (ICRF). The author was not involved 

in the design or execution of this study. The INFLAMMAGE study aims to systematical-

ly investigate the immune response of an elderly cohort to deliberate RSV inoculation 

challenge. In brief, healthy volunteers either “young” (18-55 years) or “elderly” (60-78 

years) were recruited. Participants were challenged intranasally with 104 PFU RSV A 

strain Memphis 37 (Meridian Life Science, Memphis, TN, USA), quarantined for 10 days 

and monitored daily. Blood and nasal lavage were collected immediately prior to RSV 

inoculation (“day 0”) and daily during the quarantine period. Participants returned for fur-

ther blood and nasal sampling on days 14 and 28 and at a 6-month (day 180) follow-up. 

Participants were asked to complete a self-reported symptom diary every day, which was 

based on the Jackson score (Jackson et al., 1958) to assess total, lower and upper res-

piratory tract symptoms. Symptoms were scored as follows; 0: absent, 1: mild (present 

but does not affect normal daily activities); 2: moderate (some interference with normal 

daily activities); 3: severe (prevents normal daily activities). Plasma samples from 7 elder-

ly participants and 3 young participants, and BAL samples from 3 young and 2 elderly 

participants, were provided by Dr Stephanie Ascough and were assayed for GDF-15 with 

an ELISA kit following the manufacturer’s instructions (R&D Systems, Minneapolis, MN, 

USA). Viral load data and symptom score data were provided by Dr Stephanie Ascough. 

2.2.11. Statistical analysis

Data points shown represent individual mice unless otherwise indicated in the figure 

legend. Long bars represent the mean of a group and error bars shown are the stand-

ard error of the mean. Statistical significance of differences between groups was deter-

mined with unpaired, two-tailed Student’s t-tests, or one- or two-way ANOVA, where ap-

propriate. Bonferroni’s post-test was applied to ANOVA analyses to correct for multiple 
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comparisons. Data were analysed with GraphPad Prism 8.0 software. Values of p≤0.05 

were considered statistically significant. Stars shown in graphs represent the following 

levels of statistical certainty: *p≤0.05, **p≤0.01, ****p≤0.001, ****p≤0.0001. 
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Chapter 3. A mouse model of muscle wasting in the 
elderly after RSV infection

3.1. Introduction

3.1.1. Background

The elderly are disproportionately at risk of both respiratory viral infections and muscle 

wasting. Loss of muscle mass and strength is common with advancing age (Holloszy, 

2000), but can also be caused by other conditions such as respiratory infections, chronic 

infections, and COPD (Wanke et al., 2000; Paton & Ng, 2006; Patel et al., 2016). Muscle 

wasting is associated with frailty, increased mortality, and lower quality of life (Swallow 

et al., 2007; Wheeler et al., 1998). Respiratory syncytial virus (RSV) typically causes only 

mild illness in immunocompetent adults, but severe RSV disease can occur at the ex-

tremes of age (Falsey & Walsh, 2005). The elderly often display baseline inflammation 

(“inflamm-ageing”) and inappropriate inflammatory responses to infection. Pro-inflam-

matory cytokines and factors such as IL-6 and TNF-α are known to promote muscle loss 

(Peterson, Bakkar & Guttridge, 2011). These observations suggest that respiratory viral 

infections are important in promoting frailty in the elderly. Despite its clinical importance, 

the relationship between respiratory viral infection and muscle wasting, particularly in 

the elderly, is not understood. 

3.1.2. Purpose of chapter

This chapter aims to investigate if and how RSV infection affects skeletal muscle in a 

mouse model of RSV infection of the elderly. The chapter compares general features 

of the immune response to RSV between young and elderly mice, including markers of 

inflammation, cellular airway infiltration, viral load, and RSV-specific antibody generation. 

The chapter further develops a number of methodologies for determining the condition 

of skeletal muscle, including weight, fibre type composition, fibre size, protein turnover, 

and gene expression profile in order to demonstrate the effect of respiratory viral infec-

tion on the skeletal muscle. 
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3.1.3. Aims

 � To establish a model of RSV infection in elderly mice

 � To confirm age-related differences in general features of the immune response to 

RSV infection

 � To establish outputs that describe the condition of skeletal muscle

3.2. Experimental Design

The results in this chapter describe a time course of RSV infection in young (±10 weeks) 

and elderly (±80 weeks) mice. Young and elderly mice were infected with the same 

dose (2.3x105 PFU) of RSV strain A2 and weighed daily. Tissues were collected at 8 days 

post-infection, 18 days post-infection, or from uninfected mice (“0 days”) (Figure 3-1). Tis-

sues collected were blood, BAL fluid, lung tissue, tibia, and tibialis anterior (TA) muscle. 

Flow cytometry of lung cells and BAL fluid cells was used to quantify cell numbers and 

determine changes in the frequency of various immune cell types. Copy number of RSV 

L gene was measured in lung tissue by qPCR. Cytokines were measured in BAL fluid 

by ELISA. Titres of RSV-specific IgG antibodies were measured in serum by ELISA. The 
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Figure 3-1 RSV infection of young and elderly mice

Timeline of RSV infection. Female C57BL/6 mice either ±10 weeks of age (from now on referred to as 
“young” mice) or ±80 weeks of age (from now on referred to as “elderly” mice) were intranasally inoculated 
with 2.3x105 PFU of RSV strain A2 in a volume of 75μl. Infected mice were euthanised and tissues harvest-
ed either 8 or 18 days post-infection. Age-matched groups of uninfected mice were also harvested and 
served as control groups (“day 0”). Illustration by Michael Barrett. 
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TA muscle was weighed and tibia length measured. The expression of various genes 

controlling muscle mass was determined by qPCR. Protein synthesis in the TA was de-

termined with a novel assay measuring puromycin incorporation by ELISA technology. 

Muscle fibre size and fibre type composition was determined by immunohistochemistry 

of muscle cryosections. 

3.3. Results

3.3.1. Elderly mice are heavier at baseline and display conserved signs of age-
ing

Elderly mice are not commonly used in infection research. Therefore, to establish base-

line differences, elderly (18-month-old) mice were observed for differences in behaviour 

and appearance compared to young (10-12-week-old) mice. Elderly mice were heavier 

at baseline compared to young mice (mean 29.27g vs 19.71g) and displayed more var-

iability in bodyweight (SD 3.35 vs SD 1.13) (Figure 3-2a). Elderly mice also displayed a 

remarkable degree of variability in general appearance. This variability manifested itself 

mainly in coat condition. Elderly mice commonly had greying fur, thinning fur, or bald 

patches (Figure 3-2b). These changes were particularly prominent on the neck and back. 

On the other hand, some elderly mice maintained a full, healthy coat. Rarely, elderly mice 

displayed blindness or spontaneous tumours. Mice with clearly visible tumours were 

excluded from analysis due to potential confounding interactions with experimental in-

fection. 

3.3.2. Elderly mice get more severe RSV disease than young mice

3.3.2.1. Elderly mice lose more weight during RSV infection

Before exploring the impact of infection on skeletal muscle, I determined how the aged 

immune system responded to RSV infection in this model using elderly mice. Young and 

elderly female C57BL/6 mice were infected intranasally with the same dose of RSV A2. 

Mice were culled 5, 8, or 18 days after infection, to represent early, acute, and recovery 

stages of the infection. Uninfected sets of young and elderly mice provided baseline 

measures. Elderly mice infected with RSV started losing weight approximately 6 days af-
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ter infection (Figure 3-3a). Weight loss peaked 8 days after infection. At this point, elderly 

mice had lost an average of 14.46% (SD ±8.091) of their original bodyweight. By day 18, 

most elderly mice had still not returned to their baseline weight (average 96.81%, SD 

±4.914). Young mice, despite being infected with the same dose of virus, did not lose 

weight, and in fact gained weight over 18 days. Percentage bodyweight was significantly 

different between young and elderly mice from day 3 to day 18 of infection (18 days being 

the longest any mice were followed up). Occasionally, transient weight loss (<5%) was 

observed in both young and elderly mice one day after infection. This may be attributa-

ble to the general anaesthesia the mice were placed under for the purpose of intranasal 

infection. The anaesthesia may have caused disorientation, loss of appetite, or gener-

al malaise leading to short-term weight loss not attributable to the RSV infection. This 

weight was generally recovered within an additional 24 hours (2 days after the infection). 

To quantify the relative weight loss of young and elderly mice, the area under the curve 

(AUC) was calculated. Using the original bodyweight of each mouse as a baseline, this 
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Figure 3-2 Baseline weight and appearance of elderly mice

a. Bodyweight in grams of young (10-12 week-old) and elderly (18-month-old) mice at baseline before any 
infection. Student’s unpaired two-tailed t test. Pooled from five independent experiments (n=5-10). b. Com-
parison of appearance of young and elderly mice. Young mice are marked “Y” and elderly mice “E”. Note 
the greying and thinning fur, bald patches, and larger size of elderly mice compared to young. 

Mean (g) SD
Young 19.71 1.128
Elderly 29.27 3.347



yields a value that represents the overall weight change over the 18 days of the infection. 

A negative value represents weight loss whereas a positive value represents weight gain. 

Elderly mice on average had a significantly lower AUC compared to young mice (Figure 

3-3b). Using this technique it is clearly visible that almost all young mice cumulatively 

gained weight whereas almost all elderly mice cumulatively lost weight over 18 days of 

RSV infection. Weight loss during illness is often caused by anorexia (loss of appetite). To 

evaluate the contribution of anorexia to weight loss in this model, I measured food and 

water intake over the course of infection by weighing food hoppers and water bottles 
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Figure 3-3   Weight loss, food and water intake of young and elderly mice after RSV infection

a. Bodyweight as a percentage of weight at day 0 (the day of infection). Shown are group means with the 
standard error of the mean. Pooled from nine independent experiments (one 5 dpi, four 8 dpi, four 18 
dpi) n=5-10. b. Area under the curve of weight loss as a percentage of starting weight. Pooled from four 
independent experiments n=4-5. Student’s two-tailed unpaired t test. c. and d. Food and water intake per 
mouse over the course of RSV infection. Pooled from seven experiments (one 5 dpi, three 8 dpi, three 18 
dpi) n=5-10. All statistical analyses are 2-way ANOVA with Bonferroni’s multiple comparisons test. 
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every day. Daily food and water intake started to decrease in both young and elderly mice 

after day 5 post-infection (Figure 3-3c,d). In young mice, food and water intake reached 

its lowest on day 6, and increased back to baseline again by day 8. On the other hand, 

food and water intake of elderly mice continued to fall, reaching its lowest at day 7, and 

only slowly returned to baseline around day 10. Food intake was significantly lower in 

elderly mice compared to young mice for days 7, 8 and 9. Water intake was significantly 

lower in elderly mice for days 7 and 8. 

3.3.2.2. Elderly mice display increased lung and airway inflammation

Bodyweight is a useful, but crude, measure of sickness. RSV infection causes a local 

inflammatory response that recruits immune cells into the airways. Counting the total 

number of live cells in the airways is a means of quantifying the amount of inflammation 

caused by RSV infection. Cells were counted in two types of samples, homogenised 

lung tissue and bronchoalveolar lavage (BAL) fluid. BAL fluid is obtained by cannulating 

the trachea of a euthanised mouse and repeatedly flushing the lungs with PBS + 5mM 

EDTA. This fluid contains mostly immune cells that were recruited into the airway lumen 

to combat the RSV infection of epithelial cells. Lung tissue was harvested and homoge-

nised after BAL and thus contains both immune cells that are not removed by BAL (e.g. 

tissue-resident immune cells) as well as non-immune cells (e.g. structural cells). Cells in 

BAL fluid and lung tissue were counted by flow cytometry. 

In both young and elderly mice, the number of cells in BAL fluid increased significantly 

from baseline to the peak of infection at day 8 (Figure 3-4a). At day 8, elderly mice had 

significantly more cells in their BAL fluid than young mice. From day 8 to day 18, cell 

numbers in the BAL fluid fell significantly in both young and elderly mice. At day 18, el-

derly mice still had significantly more cells in their BAL fluid than young mice, and cell 

numbers remained significantly higher compared to baseline. 

Cell numbers in lung tissue also increased significantly from baseline to day 8 in both 

young and elderly mice (Figure 3-4b). At day 8, there were significantly more cells in the 

lung tissue of elderly mice compared to young mice. From day 8 to day 18, cell num-
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bers in lung tissue fell significantly in elderly mice but remained elevated compared to 

baseline. Cell numbers in lung tissue were not significantly different between young and 

elderly mice 18 days after infection. 

3.3.2.3. Elderly mice have higher viral load but generate fewer RSV-specific 
antibodies

The higher weight loss and increased cellular infiltration of the lungs and airways ob-

served in elderly mice are indicators of higher immunopathology. This immunopathology 

may be due in part to increased viral replication and in part to an overreaction of the im-

mune response. To clarify the relative contributions of these two causes, viral replication 

in the lungs was measured. Additionally, antibodies responsive to RSV in the serum were 

measured to determine the ability of elderly mice to generate an RSV-specific immune 

response. 

The copy number of RSV L gene, which encodes the viral polymerase, is used as a corre-

late of viral replication. RNA was extracted from homogenised lung tissue and the copy 

number of RSV L gene was quantified using quantitative PCR (qPCR) and an L gene plas-
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Figure 3-4 Cell counts in BAL fluid and lung tissue of young and elderly mice after RSV

a. Live cells in bronchoalveolar lavage (BAL) fluid of young and elderly mice infected with RSV. Pooled 
from 11 independent experiments (four 0 dpi, three 8 dpi, four 18 dpi) n=5-10. b. Live cells in homogenised 
lung tissue of young and elderly mice infected with RSV. Pooled from 11 independent experiments (four 
0 dpi, three 8 dpi, four 18 dpi) n=5-10. All statistical analyses are 2-way ANOVA with Bonferroni’s multiple 
comparisons test. 
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mid standard. No L gene was detectable in the lungs of uninfected mice either young or 

elderly (not shown). At day 8, significantly more copies of L gene were detectable in the 

lungs of elderly mice compared to young mice (Figure 3-5a). L gene copy number was 

not significantly different between young and elderly at day 18, although there may be a 

trend towards elevated viral load in elderly mice. These results may suggest that more 

viral replication took place in the lungs of elderly mice, or that clearance of the virus was 

less efficient in elderly mice. The immune system of elderly mice may be less capable of 

mounting an anti-viral response, through a defect in either innate anti-viral responses or 

adaptive RSV-specific responses. 

During a viral infection, the adaptive immune response generates antibodies specific to 

the virus. Levels of virus-specific antibodies can be used as an indicator of the function-

ality of the adaptive immune response. In clinical settings, levels of anti-RSV IgG in serum 

are used as a correlate of protection against RSV re-infection (Kulkarni et al., 2018). As a 

measure of how well the adaptive immune system of RSV-infected mice had responded 

to the infection, levels of RSV-specific antibodies were quantified in serum. This work 

was carried out by Master’s students Olivia Swann and Celia Diaz (data shown with 

permission). Serum samples taken from young and elderly mice 18 days post-infection 

were applied to plates coated with RSV antigen. Antibodies specific to RSV bound to the 

plate were then detected by ELISA. RSV-specific IgG titres were calculated from dilution 

curves using a cut-off point determined as the average blank well reading plus three 

standard deviations. Anti-RSV titres were significantly higher in young mice compared 

to elderly mice, suggesting a stronger RSV-specific antibody response in the young 

mice (Figure 3-5b,c). In the serum of elderly mice, anti-RSV IgG was very low even at the 

highest concentration of the dilution curve. In some samples from elderly mice, levels of 

RSV-specific IgG were below the limit of detection. 

3.3.2.4. The adaptive immune response of elderly mice to RSV infection

Multicolour flow cytometry experiments were employed to identify different types of im-

mune cells in the airways of infected mice. Cells from homogenised lung tissue and from 
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BAL fluid were stained for surface markers of Natural Killer (NK) cells, B cells, and T cells, 

including CD4+ and CD8+ subsets. Lung tissue contains predominantly resident immune 

cell populations, whereas BAL fluid contains mostly immune cells recruited into the air-

ways due to the inflammation. The gating strategy used is shown in Figure 3-6. Lympho-

cytes were defined as live, singlet, CD45+ cells that had characteristically low forward 

and side scatter. T cells were defined as CD3+ lymphocytes. CD4+ and CD8+ T cells were 

defined as CD3+ cells staining positive for CD4+ and CD8+, respectively. NK cells were 

defined as CD3− NK1.1+ lymphocytes and B cells were defined as CD19+ lymphocytes. 

Granulocytes were defined as CD45+ Gr1+ cells. Gates were set using FMO controls. 

This experiment was carried out at 8 dpi because that time point had proven the peak of 

weight loss and inflammation. 

The proportion of lymphocytes found in lung tissue was not different between young and 

elderly mice, but the absolute number of lymphocytes was significantly higher in elderly 

mice, consistent with the higher number of cells in lung tissue, as established earlier 

Figure 3-5  Lung viral load and RSV-specific antibody responses in young and elderly mice

a. Lung RSV viral load expressed as copies of RSV L gene detected per ug of RNA extracted from lung tis-
sue. Pooled from five experiments (two 8 dpi, three 18 dpi) n=4-5. 2-way ANOVA with Bonferroni’s multiple 
comparisons test. b.+c. The RSV-specific antibody response in serum of young and elderly RSV-infected 
mice. This work was carried out by Master’s students Olivia Swann and Celia Diaz. Pooled from two ex-
periments, n=5. b. Serum samples taken from young and elderly mice 18 days post-infection were applied 
in a dilution curve to RSV antigen-coated plates. Antibodies specific to RSV bound to the plate were then 
detected by ELISA methodology. Points represent group means, error bars represent standard error of the 
mean. 2-way ANOVA with Bonferroni’s multiple comparisons test. c. RSV-specific IgG titres were calcu-
lated from dilution curves using a cut-off point determined as the average blank well reading plus three 
standard deviations (shown as dotted line). Student’s unpaired two-tailed t test. 
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(Figure 3-7a,b). Both the proportion of T cells out of lymphocytes and the total number 

of T cells in lung tissue was significantly higher in elderly mice compared to young (Fig-

ure 3-7c,d). The ratio of CD4+ to CD8+ T cells was different in elderly mice, since the 

proportion of CD8+ T cells out of all T cells was significantly higher than in young mice 

(Figure 3-7g). Consistent with there being more T cells overall in the lung tissue of elderly 

mice, the absolute number of both CD4+ and CD8+ T cells was also significantly higher 

Figure 3-6  Gating strategy for immune response of young and elderly mice to RSV

Gating strategy shown as an example on a lung sample from an elderly mouse at 8 dpi. Lung and BAL cells 
were gated to remove debris and dead cells using Live/Dead fixable cell stain. Single cells were defined 
using forward scatter area and forward scatter height. Leukocytes were defined as CD45+ cells and all 
other cell populations gated on it. Granulocytes were determined with Gr1 staining.  Lymphocytes were 
identified using forward and side scatter area. Lymphocytes were then gated for B cells (CD19⁺), NK cells 
(NK1.1⁺), T cells (CD3⁺) and CD4⁺ and CD8⁺ T cells. 
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Figure 3-7  Immune responses to RSV in the lung tissue of young and elderly mice

Immune cell populations in lung tissue of young and elderly mice after 8 days of RSV infection. a+b. Lym-
phocytes. c+d. T cells. e+f. CD4⁺ T cells. g+h. CD8⁺ T cells. i+j. B cells. k+l. NK cells. m+n. Granulocytes. 
Student’s unpaired two-tailed t-test . One experiment at n=10. 
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in elderly mice (Figure 3-7f,h). By contrast, the proportion of B cells and NK cells out of 

lymphocytes was significantly reduced in elderly mice compared to young mice (Figure 

3-7i,k). The absolute number of NK cells in the lung tissue of elderly mice was significant-

ly lower than in young mice, and there was an equivalent non-significant trend in B cells. 

Granulocytes accounted for a significantly larger proportion of leukocytes in the lung 

tissue of elderly mice, and there were significantly more granulocytes overall compared 

to in young mice (Figure 3-7m,n). 

In BAL fluid, there was a similar effect on lymphocytes, T cells, and CD4+ and CD8+ sub-

populations. The absolute number of lymphocytes, T cells, and CD4+ and CD8+ T cells 

was increased in elderly mice compared to young (Figure 3-8b,d,f,h). There was equally 

an increase in the proportion of CD8+ T cells in elderly mice as there was in lung tissue 

(Figure 3-8g). There was no difference in the relative and absolute number of B cells in 

BAL cells between young and elderly mice (Figure 3-8i,j). In contrast to lung tissue, there 

was an increase in absolute NK cell numbers in the BAL cells of elderly mice (Figure 

3-8l). This suggests that NK cells may be recruited out of lung tissue and into the airways 

in elderly mice during RSV infection. The proportion of granulocytes in BAL cells of elder-

ly mice did not change, but in absolute terms granulocytes were more abundant among 

the BAL cells of elderly mice (Figure 3-8m,n). These results were not always consistent 

across experiments. There was a large variability in the response of elderly mice to in-

fection. A separate experiment was conducted at 8 dpi (n=9-10) with a different flow cy-

tometry staining panel (not shown). In this experiment, lung lymphocyte and CD4+ T cell 

numbers were reduced in elderly mice compared to young, instead of elevated, and NK 

cells did not differ significantly between age groups. In BAL cells, the proportion of lym-

phocytes out of live single cells was lower in elderly mice rather than higher, but the total 

number of lymphocytes was still higher in elderly mice as in Figure 3-8b. In the repeated 

experiment, CD4+ T cell numbers were not significantly different between young and 

elderly mice. These differences may in part be due to the different staining panel used, 

internal variability in virus batch, and elderly mice being inherently more variable. In sum-
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Figure 3-8  Immune responses to RSV in BAL cells of young and elderly mice

Immune cell populations in BAL fluid cells of young and elderly mice after 8 days of RSV infection. a+b. 
Lymphocytes. c+d. T cells. e+f. CD4⁺ T cells. g+h. CD8⁺ T cells. i+j. B cells. k+l. NK cells. m+n. Granulo-
cytes. Student’s unpaired two-tailed t-test . One experiment at n=10. 
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mary, elderly mice displayed a stronger inflammatory response to RSV infection in terms 

of a higher number of cells in the BAL fluid, of which the majority were lymphocytes.

3.3.2.5. RSV-specific immune responses of young and elderly mice

Not all adaptive immune cells found in infected mice will be specific to RSV. Hence, 

RSV-specific CD4+ T cells were stained with an MHC class II tetramer presenting an RSV 

M2 peptide. CD4+ T cells are instrumental in providing help to B cells during the germi-

nal centre response. The germinal centre response describes the interaction of T cells, 

B cells, and dendritic cells in secondary lymphoid organs that leads to the generation of 

high affinity antibodies. In addition to the RSV tetramer, cells were stained for markers of 

the germinal centre response, to determine if elderly mice had a defect in generating this 

particular aspect of the RSV-specific antibody response. In addition to cells from lung tis-

sue, cells from lymph nodes, and spleen tissue were stained, since the germinal centre 

response takes place in secondary lymphoid organs. The time points interrogated were 

day 0 (uninfected mice) and day 18, since the germinal centre response takes approxi-

mately two weeks from the start of infection to generate detectable levels of antibodies. 

The gating strategy employed is shown in Figure 3-9. Germinal centre (GC) B cells were 

defined as GL7+ CD38lo CD19+ cells. T follicular helper (Tfh) cells were defined as PD-1+ 

CXCR5+ CD4+ T cells. Tfh cells were further divided into Tfh “low” and Tfh “high” popula-

tions depending on the intensity of their staining for PD-1 and CXCR5. Positive staining 

of CD4+ T cells with the RSV tetramer was determined by comparison to staining with a 

control tetramer that was ligated to the same fluorophore but loaded with CLIP, a frag-

ment of the MHC class II invariant chain that should not be bound by murine CD4+ T cells 

(Figure 3-10). 

B cells and GC B cells were not significantly different between young and elderly in the 

lung (Figure 3-11a,d). This may be because no germinal centre responses should be 

taking place in the lung, except for rare induced bronchus-associated lymphoid tissues. 

The proportion of B cells out of lymphocytes increased significantly with infection in both 

young and elderly mice in lymph nodes and spleens (Figure 3-11b,c). At day 18, the lymph 
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Figure 3-9  Gating strategy for germinal centre response of young and elderly mice with RSV

Gating strategy shown as an example on a lymph node sample from an elderly mouse at 18 dpi. a. All T fol-
licular helper (Tfh) cells. b. “High” Tfh cells staining strongly for CXCR5 and PD1. c. “Low” Tfh cells staining 
less strongly for CXCR5 and PD1. 
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nodes of elderly mice contained significantly more B cells than those of young mice. In 

the spleen, there was an opposite, non-significant trend. At baseline, the proportion of 

GC B cells out of all B cells in the lymph node was significantly higher in elderly mice 

compared to young, which may reflect a latent inflammatory state, or “inflammageing” 

(Figure 3-11e). However, this proportion increased with infection in young mice where-

as in elderly mice it remained unchanged. The total numbers of GC B cells in all three 

tissues was not significantly different between young and elderly mice at any time point. 

There may be a trend towards higher numbers of GC B cells in elderly lymph nodes 

both before and after infection, but in-group variability was high. This data suggests that 

elderly mice are not affected by a defect in B cell recruitment to secondary lymphoid tis-

sues, or differentiation to GC B cells. 

CD4+ T cells were a smaller proportion of all lymphocytes in elderly mice both at day 0 

and at day 18 in lungs and lymph nodes (Figure 3-12a,b). In the lung, this did not trans-

late to smaller numbers of CD4+ T cells in elderly mice and is likely due to higher overall 

cell numbers in elderly mice. In the lymph nodes, CD4+ T cell numbers increased signif-

icantly with infection in young mice, but a similar increase in the elderly mice was not 

Figure 3-10  Comparison of RSV tetramer and CLIP tetramer staining

Staining of lung CD4+ T cells with RSV or CLIP tetramer. Gating was carried out as in Figure 3-10. Left 
and middle panel, staining of lung cells from RSV-infected mice with RSV tetramer (left) and CLIP control 
tetramer (middle). Right panel, staining of lung cells from uninfected mice with RSV tetramer. 
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Figure 3-11  Germinal centre B cells young and elderly mice with RSV

a-c. B cells as a proportion of lymphocytes (top panels) and absolute numbers (bottom panels). d-f. Germi-
nal centre (GC) B cells as a proportion of B cells (top panels) and absolute numbers (bottom panels). a+d. 
Results from lung tissue. b+e. Results from lymph nodes. c+f. Results from spleen tissue.Two-way ANOVA 
with Bonferroni’s multiple comparison test. One experiments at n=4-5. 
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significant. In the spleen at baseline, elderly mice had significantly lower CD4+ T cells as 

a proportion of lymphocytes compared to young mice, but much like in the lung, this did 

not cause lower total numbers of CD4+ T cells in the elderly mice (Figure 3-12c). Tfh cells 

were unexpectedly highly abundant in elderly mice compared to young mice (Figure 

3-12d-f). The proportion of Tfh cells out of all CD4+ T cells was significantly higher in el-

derly mice in all three tissues tested, both at baseline and after 18 days of RSV infection. 

The lungs and spleens of elderly mice contained significantly more Tfh cells than those 

of young mice at both time points (Figure 3-12d,f). Tfh cells in the lymph nodes of elderly 

mice increased significantly in number between baseline and day 18, at which point 

there were also significantly more Tfh cells in the lymph nodes of elderly mice compared 

to young mice (Figure 3-12e). This suggests that elderly mice do not have a defect in the 

generation of Tfh cells. The increased abundance of Tfh cells in elderly mice at baseline 

may be due to on-going immune responses to commensals or autoantigens. 

Since Tfh cells were already elevated in elderly mice prior to RSV infection, not all Tfh 

cells found in elderly mice are likely to be specific to RSV. Hence, cells were stained with 

an MHC class II tetramer loaded with an RSV peptide to stain for RSV-specific CD4+ T 

cells. 18 days after infection, the lymph nodes of elderly mice contained significantly 

more RSV-specific CD4+ T cells, both as a proportion of CD4+ T cells and in absolute 

numbers (Figure 3-13a-c). There was no significant difference in RSV-specific CD4+ T 

cells between young and elderly mice in lungs and spleens. On the other hand, the pro-

portion of Tfh cells that stained positive for the RSV tetramer was significantly lower 

in elderly mice than in young mice in all three tissues tested (Figure 3-13d-f). This may 

be because elderly mice had such large numbers of Tfh cells to begin with, since the 

absolute number of RSV-specific Tfh cells was not different between young and elderly 

mice. RSV tetramer staining was also carried out in a separate experiment at 8 days 

post-infection. At this point, the RSV-specific adaptive immune response peaks in terms 

of inflammatory response in the lungs. Among cells in BAL fluid, fewer CD4+ T cells were 

RSV-specific in the elderly mice than the young, and a similar trend was not significant 
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Figure 3-12  Tfh cells in young and elderly mice after RSV infection

a-c. CD4⁺ T cells as a proportion of lymphocytes (top panels) and absolute numbers (bottom panels). d-f. 
T follicular helper (Tfh) cells as a proportion of CD4⁺ T cells (top panels) and absolute numbers (bottom 
panels). a+d. Lung tissue. b+e. Lymph nodes. c+f. Spleen tissue.Two-way ANOVA with Bonferroni’s multi-
ple comparison test. Pooled from two independent experiments at n=4-5 each. 
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Figure 3-13  RSV tetramer staining in young and elderly mice after RSV infection

a-c. RSV tetramer⁺ CD4⁺ T cells as a proportion of CD4⁺ T cells (top panels) and absolute numbers (bottom 
panels). d-f. RSV tetramer⁺ T follicular helper (Tfh) cells as a proportion of Tfh cells (top) and absolute num-
bers (bottom). a+d. Lung tissue. b+e. Lymph nodes. c+f. Spleen tissue.Two-way ANOVA with Bonferroni’s 
multiple comparison test. Pooled from two independent experiments at n=4-5 each per timepoint. 
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in lung cells (Figure 3-14). However, total numbers of RSV-specific CD4+ T cells were not 

different between young and elderly mice in either tissue. 

The ability of immune cells to mount an effective response against pathogens is highly 

dependent on their ability to secrete cytokines. Cells from lung tissue and BAL fluid were 

stained for IFN-γ and IL-10 using intracellular cytokine staining. This was carried out at 

day 8 at the peak of infection. The gating strategy is shown in Figure 3-15. Gates were set 

using FMO controls and using samples of cells that were not stimulated so should not 

be producing large amounts of either cytokine. The cell types investigated for their ability 

to produce IFN-γ and IL-10 were CD8+ T cells, CD4+ T cells, and RSV tetramer-positive 

CD4+ T cells. A higher proportion of CD8+ T cells stained positive for IFN-γ in the lungs 

and BAL fluid of elderly mice compared to young mice (Figure 3-16a,b). There were also 

more IFN-γ+ CD8+ T cells in total in the lungs and BAL fluid of elderly mice. CD4+ IFN-γ+ T 

cells were equally more frequent and more abundant in the lungs of elderly mice (Figure 

3-16c). There was no difference in the frequency or abundance of IFN-γ+ CD4+ T cells in 

BAL fluid between young and elderly mice (Figure 3-16d). In contrast to all CD4+ T cells, 

RSV-specific CD4+ T cells in the lungs of elderly mice were less frequently IFN-γ+ (Figure 

3-16e). In BAL fluid, IFN-γ+ RSV-specific CD4+ T cells were more frequent in elderly mice 
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Figure 3-14  RSV tetramer staining at the peak of RSV infection

a. Lung tissue stained for RSV tetramer. RSV tetramer⁺ CD4⁺ T cells as a proportion of CD4⁺ T cells (left 
panel) and absolute numbers (right panel). b. BAL fluid cells stained for RSV tetramer. RSV tetramer⁺ CD4⁺ 
T cells as a proportion of CD4⁺ T cells (left panel) and absolute numbers (right panel). Student’s two-tailed 
unpaired t test. One experiment at n=10.
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than in young mice (Figure 3-16f). However, IFN-γ+ RSV-specific CD4+ T cells were no 

more or less abundant in the lungs and BAL fluid of elderly mice. 

More CD8+ T cells stained positive for IL-10 in the lungs of elderly mice compared to 

young mice (Figure 3-17a,b). There were also more IL-10+ CD8+ T cells in total in the 

lungs and BAL fluid of elderly mice (Figure 3-17a,b). CD4+ IL-10+ T cells were equally 

more frequent and more abundant in the lungs of elderly mice (Figure 3-17c). In BAL flu-

id, CD4+ IL-10+ T cells were less frequent as a proportion of CD4+ T cells, but more abun-

dant in total compared with young mice (Figure 3-17d). Like IFN-γ, RSV-specific CD4+ T 

cells in the lungs of elderly mice were less frequently IL-10+  rather than more frequently 

like all CD4+ T cells (Figure 3-17e). In BAL fluid, there was no difference in the frequency 

of IL-10+ staining of RSV-specific CD4+ T cells between young and elderly mice (Figure 

3-17f). There was no difference between young and elderly mice in the abundance of 

IL-10+ RSV-specific CD4+ T cells in lungs and BAL fluid. These results do not support the 

hypothesis of elderly T cells being impaired in their ability to secrete cytokines during an 

RSV infection. 

Figure 3-15  Gating strategy for cytokine response of young and elderly mice to RSV

Gating strategy to determine production of the cytokines IL-10 and IFN-gamma in immune cell subsets 
using intracellular flow cytometric staining. This set of gates was applied to CD4⁺, CD8⁺ T cells, and RSV 
tetramer⁺ CD4⁺ T cells, which were gated according to Figure 3-9. Left panel, lung cells derived from 
RSV-infected mice stimulated with PMA and ionomycin for one hour. Right panel, lung cells mock-stimulat-
ed with complete RPMI medium for the same amount of time. After the stimulation, cells were incubated 
for two hours with Golgi Stop export inhibitor to retain cytokines inside cells. 
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Figure 3-16  IFNγ production by immune cells of young and elderly mice infected with RSV

Lung cells and BAL fluid cells were harvested from young and elderly mice 8 days after RSV infection. Pop-
ulations were gated according to Figure 3-9 and Figure 3-15. One experiment at n=10. Student’s unpaired 
two-tailed t test. a.,c.,e. Results from lung cells. b.,d.,f. Results from BAL fluid cells. a.-b. CD8⁺ T cells. c.-d. 
CD4⁺ T cells. e.-f. RSV tetramer-positive CD4⁺ T cells. 
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Figure 3-17  IL-10 production by immune cells of young and elderly mice infected with RSV

Lung cells and BAL fluid cells were harvested from young and elderly mice 8 days after RSV infection. Pop-
ulations were gated according to Figure 3-9 and Figure 3-15. One experiment at n=10. Student’s unpaired 
two-tailed t test. a.,c.,e. Results from lung cells. b.,d.,f. Results from BAL fluid cells. a.-b. CD8⁺ T cells. c.-d. 
CD4⁺ T cells. e.-f. RSV tetramer-positive CD4⁺ T cells. 
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3.3.2.6. Elevated pro-inflammatory cytokines in the airways of RSV-infected 
elderly mice 

During an RSV infection, immune cells in the airways produce cytokines. The protein 

levels of interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) were assayed in the 

BAL fluid of young and elderly mice infected with RSV (Figure 3-18a,b). Additionally, total 

protein levels in the BAL fluid were measured with a Bradford assay (Figure 3-18c). Total 

protein in BAL fluid reflects the amount of vascular permeability and is thereby anoth-

er measure of inflammation. IL-6 increased significantly in the BAL fluid of elderly mice 

from baseline to day 8 post-infection. At this time point, the peak of infection, IL-6 levels 

were significantly higher in elderly mice than in young mice. IL-6 levels decreased back 

Figure 3-18  Cytokines in the airways of young and elderly mice infected with RSV

Cytokine levels were assayed using ELISA. Total protein content was assessed by Bradford assay. a. IL-6 
protein in BAL fluid. n=5 per age group and time point b. TNF-α protein in BAL fluid. n=4-5 per age group 
and time point. This assay was carried out by Tasneem Oubira. c. Total protein content in BAL fluid. n=10 
per age group and per time point. Two-way ANOVA with Bonferroni’s multiple comparison test. 
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to baseline again in elderly mice by day 18. TNF-α levels also increased significantly in 

the BAL fluid of elderly mice with RSV infection (Figure 3-18b). At day 8 post-infection, 

TNF-α levels were significantly higher in the BAL fluid of elderly mice than in young mice. 

TNF-α levels at day 18 post-infection were not significantly different to baseline levels in 

either young or old mice. Total protein in the BAL fluid increased significantly in elderly 

mice with infection, and was significantly higher in elderly mice than young mice at day 

8 (Figure 3-18c). If tested in a separate t-test, total BAL protein levels at baseline were 

also significantly higher in elderly mice than young mice, but this was not significant in 

the two-way ANOVA employed to test multiple time points. These results add further 

evidence to the theory that elderly mice have higher levels of inflammation than young 

mice after RSV infection. 

3.3.3. Elderly mice display muscle wasting after RSV infection

3.3.3.1. Gross and relative muscle weight decreases in elderly mice during 
RSV infection

The weight lost by elderly mice during RSV infection likely includes muscle mass, fat 

mass, and water weight. The aim of this study was to interrogate the effect of infection 

on the loss of muscle mass specifically. Therefore, the tibialis anterior (TA) muscle was 

extracted from young and elderly mice infected with RSV. The TA is a large leg muscle 

used for locomotion. After euthanasia, the TA from both legs of each animal was re-

moved and weighed before further processing. Prior to infection, elderly mice had heav-

ier TA muscles than young mice, consistent with their higher baseline bodyweight (Fig-

ure 3-19a). At the peak of infection at day 8, the TA weight of elderly mice had decreased 

significantly from baseline. The mean TA weight of elderly mice at this point was below 

that of young mice, but this was not statistically significant. From day 8 to day 18, the TA 

weights of elderly mice increased again. At day 18, elderly mice had significantly heavier 

TA muscles than young mice again, although this difference was not as pronounced as 

at baseline. 18 days after infection, the average TA weight of elderly mice remained sig-

nificantly lower than at day 0. The TA weight of young mice remained almost unchanged 
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throughout infection. 

Applying statistical tests to compare the raw muscle weights of young and elderly mice 

may not be useful because young and elderly mice had different body compositions at 

baseline. For example, elderly mice had a significantly higher baseline bodyweight. In 

addition, the data displayed considerable individual variation in elderly mice.  Therefore, I 

sought to normalise TA weight to better account for individual variability and the different 

starting conditions of young and elderly mice before infection. A “TA atrophy index” was 

calculated as follows (Patel et al., 2016):

Figure 3-19  Elderly mice lose skeletal muscle mass during RSV infection

a. Tibialis anterior (TA) muscle weight of young and elderly mice before RSV infection, 8 days post-infection, 
and 18 days post-infection (average of both legs per mouse). Pooled from 11 independent experiments at 
n=4-10 each per timepoint.  b. Example of how tibia length was measured using calipers. c. Tibia length of 
young and elderly mice before and during RSV infection. Pooled from 6 independent experiments at n=4-
10 each per timepoint.  d. TA atrophy index of young and elderly mice before and during RSV infection. 
Pooled from 6 independent experiments at n=4-10 each per timepoint. Two-way ANOVA with Bonferroni’s 
multiple comparison test. 
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The TA atrophy index normalises an individual animal’s TA muscle weight to the length 

of its tibia cubed (Figure 3-19b,c). In contrast to bodyweight, which was known to change 

with infection, tibia size should remain unchanged. The length of the tibia was cubed to 

obtain a measure of the same dimension as weight. The reciprocal was taken so that 

high levels of atrophy (small TA weight in relation to tibia) would yield high values. This 

atrophy index yielded an output of muscle mass in relation to the size of the mouse (Fig-

ure 3-19d). The TA atrophy index of elderly mice was significantly higher than that of 

young mice at all three time points. However, this relationship was most significant 8 

days post-infection. This suggests that at the peak of infection, elderly mice had signifi-

cantly smaller TA muscles in relation to their body size than young mice. 

3.3.3.2. The muscles of elderly mice have an atrogenic gene signature

Muscle mass is maintained in a balance of synthesis and breakdown. Weighing the TA 

muscle only measures the net outcome of this balance, which may be disturbed on 

either side. Gene expression in the muscle can determine muscle mass and function. 

The expression of several genes in TA muscle was measured by qPCR. The expression 

of three genes encoding products promoting muscle atrophy were assayed: Fbxo32 

(encoding Atrogin-1), Trim63 (encoding MuRF-1), and Mstn (encdoing myostatin). The 

expression of five genes encoding products promoting muscle growth were assayed: 

Myog (encoding myogenin), Pax7 (encoding Paired box 7 (Pax7)), Myod1 (encoding 

Myogenic Differentiation 1 (MyoD1)), Mef2c (Myocyte enhancer factor 2 c (Mef2c)) and 

Igf1 (encoding insulin-like growth factor 1 (IGF-1)). IGF-1 is a key coordinator of systemic 

growth and cellular proliferation via activation of mTOR, and promotes muscle protein 

synthesis. Myogenin, Pax7, MyoD1 and Mef2c are key determinants of the differentiation 
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and maturation of muscle fibres, both during embryogenesis and during regeneration 

after damage. Atrogin-1 and MuRF-1 are both E3 ubiquitin ligases that are expressed 

exclusively in muscle tissue. In concert with other enzymes, they link ubiquitin groups to 

target proteins, causing the target protein to be directed towards 26S proteasomes for 

degradation. They are therefore important negative regulators of muscle mass. Myosta-

tin is a key negative regulator of muscle mass, signalling through Activin receptor IIB to 

promote muscle atrophy, partially by inducing the expression of Atrogin-1 and MuRF-1. 

The expression of Atrogin-1 and MuRF-1 was not significantly different between young 

Figure 3-20  Expression of negative regulators of muscle mass during RSV infection

qPCR assays of gene expression in the TA muscle of young and elderly mice before RSV infection, 8 days 
post-infection, and 18 days post-infection. Pooled from 6 independent experiments at n=4-10 each. Two-
way ANOVA with Bonferroni’s multiple comparison test.  a. Fbxo32 encoding Atrogin-1 b. Trim63 encoding 
MuRF-1. c. Mstn encoding Myostatin. 
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and elderly mice at baseline (Figure 3-20a,b). 8 days after infection, Atrogin-1 and MuRF-

1 expression remained constant in the muscles of young mice, but increased signifi-

cantly in the muscles of elderly mice. At this time point, expression of both Atrogin-1 and 

MuRF-1 was significantly higher in the muscle of elderly mice than in young mice. The 

expression of both Atrogin-1 and MuRF-1in the muscles of elderly mice significantly de-

creased from day 8 to day 18 post-infection, and was not signifcantly different to that of 

young mice at 18 days post-infection. 

The muscles of elderly mice expressed significantly more Myostatin at baseline than 

young mice (Figure 3-20c). Curiously, Myostatin expression decreased from baseline to 

day 8 of RSV infection in the muscles of elderly mice, and remained significantly lower at 

day 18 than at baseline. The expression of Myostatin in the muscles of young mice did 

not change with infection, but expression was generally very low. 

The effect of RSV infection on the expression of genes promoting muscle growth and 

repair was mixed. Myogenin expression was significantly higher in the muscles of el-

derly mice than the muscles of young mice at the peak of RSV infection (Figure 3-21a), 

but there were no differences between young and elderly mice at baseline or 18 days 

post-infection. 

Pax7 expression was significantly lower at baseline in the muscles of elderly mice com-

pared to young mice (Figure 3-21b). Pax7 expression decreased significantly in the mus-

cles of young mice from baseline to day 8 of infection, and remained significantly lower 

at day 18 compared to baseline. These trends were also evident in the muscles of elderly 

mice, but did not reach statistical significance, possibly due to the large variability in the 

data from elderly mice. At the peak of RSV infection, Pax7 expression was significantly 

lower in the muscles of elderly mice than in the muscles of young mice, suggesting a 

defect in muscle regeneration stemming from a lack of satellite cells in elderly mice. 

MyoD1 expression was not significantly different between young and elderly mouse mus-

cles at any time point of RSV infection (Figure 3-21c). Expression of MyoD1 decreased 
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Figure 3-21  Expression of positive regulators of muscle mass during RSV infection

qPCR assays of gene expression in the TA muscle of young and elderly mice before RSV infection, 8 days 
post-infection, and 18 days post-infection. Pooled from 6 independent experiments at n=4-10 each. Two-
way ANOVA with Bonferroni’s multiple comparison test.  a. Myog encoding Myogenin. b. Pax7 encoding 
Pax7. c. Myod1 encoding MyoD1. d. Mef2c encoding Mef2c. e. Igf1 encoding IGF-1. 
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significantly in the muscles of young mice from day 8 to day 18 of infection. A similar 

trend was seen in the muscles of elderly mice, but this was not statistically significant. 

Counterintuitively, the expression of Mef2c was significantly higher in the muscles of el-

derly mice at the peak of RSV infection than in the muscles of young mice (Figure 3-21d). 

Expression of Mef2c further increased significantly from day 8 to day 18 in the muscles 

of elderly mice, and was significantly elevated at day 18 compared to baseline. 

IGF-1 expression increased significantly in the muscles of young mice from baseline to 

day 8 of infection, and returned to baseline at day 18 of infection (Figure 3-21e). At day 

8, the muscles of young mice expressed significantly more IGF-1 than the muscles of 

elderly mice. The expression of IGF-1 in the muscles of elderly mice was not changed 

significantly by infection. 

3.3.3.3. A novel assay for measuring polypeptide turnover 

Puromycin is an aminonucleoside compound produced naturally by the bacterium Strep-

tomyces alboniger. It is a structural analogue of tyrosyl-tRNA (Figure 3-22a). Puromycin 

functions as an antibiotic by terminating ribosome translation. Puromycin can insert into 

the A site of a ribosome and be linked to the nascent amino acid chain. However, the 

amide bond at the 3’ position of the ribofuranose ring is more resistant to hydrolysis than 

the ester bond created by an aminoacyl tRNA. Translation cannot progress and the trun-

cated peptide chain is released. At low doses, puromycin is non-toxic and its incorpora-

tion can be used as a correlate of the rate of protein synthesis (Nakano & Hara, 1979). 

Utilising puromycin incorporation as a measure of protein synthesis in cultured cells was 

first described by Schmidt et al. (Schmidt et al., 2009), and developed further for in vivo 

use by Goodman et al. (Goodman et al., 2011, 2012). The protocol used here for assaying 

puromycin incorporation into murine muscle was adapted and optimised from Goodman 

et al. (Goodman et al., 2012, 2011) and in discussion with Paul Kemp (personal discus-

sion). Mice were injected intraperitoneally with 0.8μmol puromycin dihydrochloride sus-

pended in sterile PBS and sacrificed 30 minutes later. TA muscles were homogenised, 

centrifuged, and the clear, protein-containing supernatant aliquoted. 
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Firstly, the amount of TA protein supernatant with which to coat ELISA plates was es-

tablished in a titration experiment (Figure 3-22b). Samples from two mice injected with 

puromycin were compared to a sample from a mouse that had not been injected with 

puromycin. The titration suggested that plates should be coated with at least 10μg pro-

tein suspension per well to allow for discrimination of samples from background (the 

sample with no puromycin). Coating with 30μg protein per well may have yielded even 

clearer results, however, this would have used up a large amount of sample for each as-

say. For sample conservation purposes, wells were coated with 10μg protein and diluted 

Figure 3-22  Optimisation and results of puromycin incorporation assay

a. Chemical structure of puromycin (left) compared to the structure of tyrosyl-tRNA (right).  b. Titration of 
amount of TA protein supernatant to coat on ELISA plates to achieve an acceptable signal/noise ratio. c. 
Comparison of two peroxidase-conjugated secondary antibodies on the same samples shown in b, coat-
ed at 10μg/well. Closed symbols: anti-IgG (whole), open symbols: anti-IgG2a. d. Incorporation of puromy-
cin into TA muscle of young and elderly mice before and after RSV infection. Pooled from 5 independent 
experiments, n=4-10. Two-way ANOVA with Bonferroni’s multiple comparison test. 
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in coating buffer. 

The background signal in the muscle homogenate of a mouse not injected with puromy-

cin was relatively high. Options for improving signal strength were explored. The perox-

idase-conjugated secondary antibody used to detect the anti-puromycin antibody was 

raised against murine whole IgG. The high background may have been due to non-spe-

cific binding of this secondary antibody to other epitopes found in the muscle homoge-

nate. Previous publications had also encountered this problem and solved it by using a 

secondary antibody specific to the isotype of the anti-puromycin antibody (IgG2a) (Good-

man & Hornberger, 2013). To test this, the secondary antibody was substituted with an 

IgG2a-specific secondary antibody. This led to an increase in absorbance in samples 

treated with puromycin, and to a decrease in absorbance in the sample not treated with 

puromycin (Figure 3-22c). Using an isotype-specific secondary antibody thus increased 

both sensitivity and specificity. The IgG2a-specific secondary antibody was used in all 

other puromycin incorporation assays. 

This optimised method was applied to samples from the RSV infection time course in 

young and elderly mice (Figure 3-22d). At baseline, there was a trend towards elder-

ly mice having slightly lower levels of puromycin incorporation, however this was not 

significant. Unexpectedly, levels of puromycin incorporation increased significantly with 

infection in both young and elderly mice. This suggests that protein synthesis activity in 

skeletal muscle actually increases during respiratory infection. At the peak of infection 

at day 8, puromycin incorporation, and by extension overall protein synthesis, was signif-

icantly lower in elderly mice than in young mice. By day 18, levels had returned to base-

line in both young and elderly mice. This discrepancy in upregulation of protein synthesis 

at the peak of infection may contribute towards the higher loss of muscle mass observed 

in elderly mice. 

3.3.3.4. Elderly mice display smaller muscle fibre sizes after RSV infection

The methods of assessing muscle wasting implemented so far have included weighing 

a muscle, measuring protein synthesis in the muscle, and measuring the expression of 
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genes promoting either muscle hypertrophy or atrophy. A different approach would be 

measuring the size and type of muscle fibres directly. To do this, the TA muscle of young 

and elderly mice at different stages of RSV infection was embedded in OCT compound 

and frozen. TA muscles were cryosectioned and the sections stained by immunohis-

tochemistry. Sections were stained for laminin and three different myosin heavy chain 

(MyHC) isotypes. Laminin is part of the basal lamina in the extracellular matrix surround-

Figure 3-23  Fibre size macro steps 

a. Example of a tiled light microscopy image of a TA muscle cryosection stained for laminin (red), and 
various myosin heavy chain (MHC) isotypes: MHC type I (yellow), MHC type IIA (blue), and MHC type IIB 
(green).  b.-e. Illustrated steps of the macro script used to automatically detect muscle fibres and measure 
muscle fibre size. For the full code of the macro see Figure 2-1. b. Isolation of the image channel with the 
laminin stain. c. Thresholding of the laminin image creating a binary mask that distinguishes muscle fibre 
from extracellular matrix  d. Detection of the individual muscle fibres using the binary mask and meas-
urement of minimum Feret’s diameter. e. Frequency distribution of the fibre minimum Feret’s diameters 
measured in a given image. 

a b

c

d

10 15 20 25 30 35 40 45 50 55 60 65 70
0

5

10

15

20

25

Histogram of 4.1

Minimum Feret’s diameter (µm)

R
el

at
iv

e 
fre

qu
en

cy
 (%

)

Laminin stain

Thresholding

Fibre detection + 
measurement

Frequency  
distribution

Tiled image of TA muscle  
cryosection

Laminin

MyHC type I

MyHC type IIA

MyHC type IIB

e



Chapter 3. A mouse model of muscle wasting in the elderly after RSV infection

140

ing the bundles of muscle fibres. Myosin heavy chain (MyHC) forms part of the myosin/

actin complex which generates force during muscle contraction. The different MyHC 

isotypes confer different biophysical properties onto a muscle fibre. Four different types 

of MyHC are found in mammalian skeletal muscle, MyHC type I, type IIA, type IIB, and 

type IIX. Muscle fibres expressing MyHC type I, also known as “type I fibres” or “slow 

twitch” fibres have a slow contraction time and do not generate a lot of power, but they 

are highly resistant to fatigue (Schiaffino & Reggiani, 2011). Type I fibres have a high oxi-

dative capacity but low glycolytic capacity which makes them suited to aerobic activities. 

The “fast twitch” fibres include those expressing MyHC type IIA, IIB, and IIX. These fibres 

generally produce more power than type I fibres but are more prone to fatigue. Type IIA 

fibres contract moderately fast, generate a moderate amount of power, and have a fairly 

high resistance to fatigue. They have both a high oxidative capacity and a high glycolytic 

capacity. Type IIB fibres by contrast contract very fast and can generate a large amount 

of power. However, this power can only be sustained for a very short amount of time, and 

the fibres fatigue quickly. Type IIB fibres have a low oxidative capacity and a high glyco-

lytic capacity which makes them suitable to short-term anaerobic activities that require 

quick bursts of power. Type IIX fibres have properties intermediate between type IIA and 

IIB. MyHC type IIX fibres were not specifically stained. Instead, fibres that did not stain for 

any other MyHC isotype were considered to be type IIX. 

For previous work in the lab, muscle fibre sizes had been measured by hand. This process 

was highly inefficient, as well as prone to human error and sampling bias. Since each TA 

cross-section contains ~2500 fibres, it was not possible to count all fibres in a section 

when measuring by hand. Moreover, use of a standard light microscope did not allow for 

capture of the entire muscle cross-section, necessitating manual selection of regions to 

image and analyse. The method was optimised to improve efficiency and remove sourc-

es of error and bias. Sections were imaged on a Widefield microscope with a motorised 

stage at FILM Imperial, which allowed for tiling of multiple images to capture an entire 

cross-section. To automate analysis, a macro script was written using the ImageJ image 
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Figure 3-24  TA muscle fibre minimum Feret’s diameter during RSV infection

a.+c.+e. Relative frequency histograms. b.+d.+f. Cumulative frequency histograms. a.+b. Uninfected 
young and elderly mice. c.+d. Young and elderly mice after 8 days of RSV infection. e.+f. Young and elderly 
mice after 18 days of RSV infection. g. Average minimum Feret’s diameter of TA muscle fibres in young and 
elderly mice before, and during RSV infection. Pooled from 5 independent experiments, n=4-5. Two-way 
ANOVA with Bonferroni’s multiple comparison test. 
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analysis software package. The macro semi-automatically detected muscle fibres and 

measured a range of outputs, including minimum Feret’s diameter.  The full code of the 

macro is shown in Figure 2-1. The steps of the macro are exemplified in Figure 3-23. The 

macro started with a tiled image covering the entire TA muscle cross-section, stained for 

laminin (red), MyHC type I (yellow), MyHC type IIA (blue), and MyHC type IIB (green) (Fig-

ure 3-23a). The channel containing only the laminin staining was isolated (Figure 3-23b). 

The laminin image was “thresholded” and converted to a binary image distinguishing 

extracellular matrix from individual muscle fibres (Figure 3-23c). This separated muscle 

fibres sufficiently to allow for automatic object (fibre) detection and batch measurement 

(Figure 3-23d). The frequency distribution of the fibre minimum Feret’s diameter was cal-

culated and averaged in each experimental group (Figure 3-23e). Additionally, the mean 

minimum Feret’s diameter for each mouse was calculated. Minimum Feret’s diameter 

was chosen as the most appropriate measure of fibre size, since it is less prone to dis-

tortion by irregular cutting angles than maximum diameter or cross-sectional area. The 

distribution of fibre sizes would be expected to skew smaller in the infected elderly mice 

as compared to the uninfected. 

Figure 3-24 shows average relative frequency distributions and average cumulative fre-

quency distributions of TA muscle fibre minimum Feret’s diameter in young and elderly 

mice at baseline, and after 8 and 18 days of RSV infection. Using the cumulative fre-

quency distribution can make it easier to visualise changes in the mean. At baseline, 

there was a trend towards elderly mice displaying larger muscle fibre sizes, consistent 

with their higher gross muscle weight (Figure 3-24a,b). 8 days after RSV infection, the 

frequency distributions of TA fibre size of young and elderly mice were virtually identical, 

suggesting a downwards shift of the elderly mice (Figure 3-24c,d). 18 days after RSV 

infection, there was once again a trend towards elderly mice displaying larger muscle 

fibres, similar to baseline measurements (Figure 3-24e,f). Figure 3-24g shows the mean 

fibre minimum Feret’s diameter of each mouse in the different experimental groups. The 

mean fibre minimum Feret’s diameter of young and elderly mice was not significant-
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ly different at any time point. As suggested by the frequency distributions, there was a 

trend towards a higher fibre minimum Feret’s diameter in elderly mice at baseline and at 

day 18. Fibre minimum Feret’s diameter decreased significantly in elderly mice between 

baseline and day 8. This adds to the evidence collected so far that elderly mice exhibit 

muscle wasting during RSV infection, whereas young mice do not. 

3.4. Discussion

3.4.1. RSV infection of elderly mice as model to study infection-associated 
muscle wasting in the elderly

The ageing population of the world is growing rapidly, and the incidence of age-related 

diseases grows with it (Office for National Statistics, 2018). There is an urgent need to 

expand our understanding our knowledge of the fundamental processes of ageing, and 

how age interacts with conditions like infection and muscle wasting. Respiratory Syncy-

tial Virus (RSV) is a well-known cause of bronchiolitis and hospitalisation in young chil-

dren, but it is also emerging as an important pathogen in the elderly population, both as a 

cause of severe disease and as an exacerbating factor for age-associated conditions like 

chronic obstructive pulmonary disease (COPD) (Falsey & Walsh, 2005). Loss of muscle 

mass occurs naturally with age (sarcopenia) but can be exacerbated by inflammation or 

inactivity. Decreased muscle mass in elderly persons is associated with frailty, leading to 

increased risk of mortality and decreased quality of life (Landi et al., 2013; Arango-Lop-

era et al., 2013). The effect of respiratory viral infection on skeletal muscle has not been 

investigated in-depth. This chapter has described a mouse model of RSV infection in 

elderly mice with a number of methods for measuring mass, composition and dynam-

ics of skeletal muscle. The chapter has additionally characterised basic features of the 

adaptive immune response to RSV infection in elderly mice and compared them to that 

of young mice. 

3.4.2. Elderly mice display enhanced inflammation after RSV infection

Compared to young mice, elderly mice lost significantly more weight than young mice 

during RSV infection, peaking around day 8 of infection. Interestingly, weight recovery 
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was still incomplete 18 days after infection. Elderly mice also displayed significantly el-

evated viral load as measured by the expression of viral L gene in their lung tissue, and 

increased and prolonged cellular infiltrates in the airways and lungs. These findings are 

consistent with previous models of RSV infection in elderly mice (Graham et al., 1988; 

Zhang et al., 2002b; Fulton et al., 2013; Wong et al., 2014). 

To my knowledge, the individual components of the immune response of elderly mice to 

RSV have not been fully characterised. Therefore, the frequency and absolute number 

of various immune cell types, including lymphocytes, T cells, CD4+ T cells, CD8+ T cells, 

B cells, NK cells, and granulocytes were measured in the lung tissue and BAL fluid of 

young and elderly mice after 8 days of RSV infection. Consistently with their stronger 

weight loss and cellular infiltration, elderly mice displayed significantly increased num-

bers of lymphocytes in their lung tissue and BAL fluid. The number of T cells in general, 

CD4+ T cells and CD8+ T cells was significantly elevated in the lungs and airways of el-

derly mice compared to young mice. This contrasts with previous findings of Fulton et al., 

who did not find a statistically significant difference in the number of CD8+ T cells in lung 

and BAL fluid between young and elderly mice 8 days after RSV infection. On the contra-

ry, Fulton et al. suggest that the CD8+ T cell response of elderly mice to RSV is blunted, 

as evidenced by reduced numbers of RSV-specific CD8+ T cells in lung, BAL fluid, and 

peripheral blood. The RSV specificity of CD8+ T cells was not tested in this study so a 

comparison cannot be made. There were also crucial differences between the two stud-

ies, for example, Fulton et al. used BALB/c mice, which are known to be more susceptible 

to RSV, and the young mice used were up to 6 weeks younger than the ones used in 

the present study. There are known to be strong differences in the response of different 

mouse strains to RSV, which may account for the differences observed in the CD8+ T cell 

response of elderly mice to RSV (Stark et al., 2002). 

Curiously, NK cell numbers were decreased in lung tissue compared to young mice, but 

elevated in BAL fluid, suggesting that in elderly mice, NK cells are preferentially recruited 

out of the lungs and into the airways, presumably to combat the active infection. The 
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number of granulocytes was also significantly elevated in lungs and airways of elderly 

mice compared to young. Unfortunately, more detailed investigation of different types of 

granulocytes was not undertaken. It is likely that the increased number of granulocytes 

in elderly mice includes a large number of neutrophils. Aged neutrophils are known have 

reduced chemotactic ability, leading to inefficient migration through tissues that causes 

increased tissue damage due to prolonged protease secretion (Sapey et al., 2014; Hazel-

dine et al., 2014). This may contribute to the enhanced inflammation seen in the lungs of 

elderly mice after RSV infection. Future studies may want to investigate differences in the 

innate immune response to RSV between young and elderly mice.

3.4.3. The RSV serum antibody response of elderly mice 

The antibody response of elderly mice to RSV has not been investigated in detail. Since 

there is some evidence that serum antibodies to RSV can be protective in humans, char-

acterising the differences in antibody response to RSV with age is important (Hall et al., 

1991). Serum IgG is also often used as a correlate of protection in vaccine trials, and it 

is of high importance that a future vaccine protects the elderly as a highly vulnerable 

group. Serum titration showed that elderly mice produced significantly less RSV-spe-

cific IgG compared to young mice 18 days after infection, when the antibody response 

should have begun. This contrasts with observations that older humans tend to generate 

equally strong, or even stronger, serum antibody responses to RSV infection compared 

to adults (Agius et al., 1990; Walsh & Falsey, 2004). However, it is important to consider 

that humans will have been exposed to RSV infection many times throughout life be-

fore, meaning that an infection in old age also recalls memory responses, which will be 

stronger and generated more rapidly than during a primary infection. The mice used in 

this study are an artificial model in the sense that they are specific-pathogen-free and 

should not have had any infections previously. This may explain the weak antibody re-

sponse in the elderly mice as compared to observations in humans. 

3.4.4. The germinal centre response of elderly mice infected with RSV

The lower serum IgG response suggested that the generation of antibodies was im-
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paired in elderly mice. High-specificity antibodies are produced by plasma B cells which 

have undergone somatic hypermutation and affinity maturation in secondary lymphoid 

tissues, a process termed the germinal centre response. In germinal centres, B cells 

express GL7, and interact with cognate specialised CD4+ T cells, T follicular helper (Tfh) 

cells, which express CXCR5 and PD1. The frequency and abundance of these cell popu-

lations was investigated in the lung tissue, lung-draining lymph nodes, and spleen tissue 

of young and elderly mice 18 days after RSV infection. Additionally, the RSV specificity of 

CD4+ T cells and Tfh cells was investigated using an MHC class II tetramer presenting 

an RSV M2 protein peptide. 

3.4.4.1. T follicular helper cells and germinal centre B cells in elderly mice

There were no large differences in B or germinal centre (GC) B cell frequency or abun-

dance between young and elderly mice. In fact, the number of B cells in the lymph nodes 

of elderly mice was significantly higher 18 days after infection than in young mice, sug-

gesting that a B cell trafficking defect may not be responsible for the impaired antibody 

response. The frequency of CD4+ T cells was significantly lower in the lungs and lymph 

nodes of elderly mice both at baseline and 18 days after RSV infection, but the total 

number of CD4+ T cells was not significantly different between young and elderly mice 

after infection. Interestingly, the frequency and total number of Tfh cells was strongly 

elevated in elderly mice compared to young mice in all three tissues tested, lung, lymph 

nodes, and spleen, both at baseline and 18 days after RSV infection. Up to 40% of CD4+ T 

cells in the spleen tissue of elderly mice were Tfh cells, even prior to RSV infection. This 

was unexpected considering that, as stated above, these mice should not have been 

exposed to any infection prior to experiments, so should not have prior germinal centre 

activation leading to the retention of Tfh cells in these tissues. The increased abundance 

of Tfh cells in elderly mice may be due to on-going immune responses to commensals or 

autoantigens, and may reflect a latent inflammatory state associated with ageing, termed 

“inflammageing”. Personal communication with other researchers suggested that the 

high occurrence of Tfh cells in elderly mice was indeed due to commensal or subclinical 
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infection, since stricter hygiene procedures in the animal facility could prevent it (Mi-

chelle Linterman, pers. comm.). 

3.4.4.2. RSV specificity of the antibody response in elderly mice

The sheer abundance of Tfh cells in elderly mice does not guarantee their usefulness 

during RSV infection, so specificity of CD4+ T cells was tested with an MHC class II te-

tramer. RSV infection induced the expansion of RSV-specific CD4+ T cells in the lungs 

and lymph nodes of both young and elderly mice. In fact, there were significantly more 

RSV-specific CD4+ T cells in the lymph nodes of elderly mice than young mice. Howev-

er, the frequency of RSV-specific Tfh cells was significantly decreased in elderly mice 

compared to young mice in all tissues. This may be due to the very large number of 

pre-existing Tfh cells in the elderly mice. The total number of RSV-specific Tfh cells was 

not significantly different in young versus elderly mice. This suggests that elderly mice 

do not have a defect in the proliferation and recruitment of RSV-specific CD4+ T cells or 

Tfh cells. 

Curiously, a number of cells were detected with the RSV tetramer in baseline samples. 

None of these cells should bind an RSV peptide considering that the mice had never 

been exposed to RSV before. This is most likely the result of few cells falling within the 

gate set during flow cytometric analysis, which when multiplied up yields noticeable fre-

quencies and abundances. In the future, the gating strategy could be relaxed to prevent 

this.  

The M2 peptide presented by the MHC class II tetramer utilised in this panel is only one 

antigen and many other cells will recognise other RSV antigens. This study assumed that 

the reaction of immune cells in young and elderly mice to this peptide was representa-

tive of the true proportion of all RSV-specific cells. However, it is a possibility is that the 

epitopes that the elderly recognise are different to those recognised in the young. The 

M2 epitope used may not be immunodominant in the elderly and they may predominant-

ly recognise different antigens. On the other hand, Fulton et al. trialled three different RSV 

MHC class I peptides and found a similar pattern between young and elderly mice for all 
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of them (Fulton et al., 2013). 

Although elderly mice did not display numerical impairments in B or T cell populations 

associated with the germinal centre response, protective immunity was clearly not gen-

erated, considering the high viral load and low serum IgG in elderly mice. Other aspects 

of the germinal centre response may be impaired, for example, in future studies, the 

interaction or functionality of Tfh and GC B cells could be investigated. Additionally, the 

functionality of the CD8+ T cell response was not investigated, which is also known to 

contribute to control of RSV viral load, and which may be impaired in the elderly. A cell 

type in the germinal centre reaction that was not investigated was follicular dendritic 

cells (fDCs), which present antigen to B cells during affinity maturation. The microenvi-

ronment of the germinal centre is known to be crucial to proper antibody generation, and 

is known to be disturbed with age (Linterman, 2014; Celia Diaz, unpublished). A recent 

study found that dendritic cell maturation and cytokine secretion was inhibited by RSV 

in vitro (Le Nouën et al., 2019). It is possible that this effect is magnified with age, further 

impairing initiation of the antibody response to RSV. This could be investigated in future 

studies. 

3.4.4.3. The antibody response to RSV versus influenza A virus infection in 
elderly mice

To my knowledge the antibody response to RSV has not been previously interrogated 

in aged mice, but Lefebvre et al. conducted a similar study investigating the antibody 

response to influenza A virus (IAV) infection in aged mice (Lefebvre et al., 2016). Even 

though RSV and IAV are clearly very different viral infections, comparing the results of 

these two studies may shed light on universal impairments in the antibody response with 

age. Lefebvre et al. suggest that impaired humoral responses in aged organisms are de-

rived from disturbed B-T cell interactions. They used the same strain of mice (C57BL/6) 

and similarly aged mice to this study, but slightly different time points, 7 dpi and 14 dpi, 

as opposed to 8 dpi and 18 dpi. Lefebvre et al. found lower influenza-specific IgG serum 

titres in aged mice, similarly to the present findings of lower RSV-specific IgG in aged 
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mice. Like this study, they also found that Tfh cells were found in higher frequencies in 

the spleens of old mice, but that there was no large change over the course of infection. 

In contrast to the present findings however, Lefebvre et al. found significantly lower num-

bers of GC B cells in the spleens of aged mice, whereas this study did not find a signif-

icant difference. Using tetramer staining, Lefebvre et al. found that the total number of 

influenza-specific CD4+ T cells and Tfh cells was not significantly altered in the spleens 

of aged mice, which was the same finding as the ones presented here.  

A key finding of Lefebvre et al. was that CD4+ T cells and Tfh cells in aged mice displayed 

a “regulatory-like” phenotype, as evidenced by increased frequency and numbers of 

Foxp3-expressing IAV-specific CD4+ T and Tfh cells in aged mice. The authors suggest 

that this is indicative of impaired Tfh function and impaired interaction with cognate B 

cells. Foxp3 staining was attempted in the present study but was unsuccessful. Future 

experiments may want to repeat and optimise this to attempt to confirm this potential 

tolerogenic effect of age on CD4+ T cells in RSV infection.  

Lefebvre et al. found that more CD4+ T cells from the spleens of aged mice produced 

IFN-γ and IL-10. Cytokine production was not measured in spleen tissue in this study, 

but increased IFN-γ and IL-10 production was also found in lung and BAL fluid CD4+ T 

cells. This may suggest a more anti-inflammatory, inhibitory phenotype of CD4+ T cells 

in aged mice that hinders the germinal centre response in both IAV and RSV infection. 

By contrast, Fulton et al. found that IFN-γ secretion was impaired in aged RSV-specific 

CD8+ T cells in BAL fluid. However, CD8+ T cells fulfil a very different function to CD4+ T 

cells so the effect of a cytokine production impairment is not comparable in this case. 

Interestingly, Lefebvre et al. did not measure cytokine production in virus-specific cells 

specifically. The results from the current study suggest that while IFN-γ and IL-10 pro-

duction by CD4+ and CD8+ T cells is generally increased in aged mice, the production of 

these cytokines in RSV-specific CD4+ T cells is not affected by age. This may be due to 

a “bystander” effect of non-specific cells secreting inhibitory cytokines that hamper the 

development of the specific antibody response. 
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To visualise the spatial organisation of germinal centres, Lefebvre et al. carried out con-

focal microscopy of spleen sections of young and elderly mice after IAV infection. They 

found fewer, smaller, and more disorganised germinal centres in the spleens of elderly 

mice. Similar experiments were carried out on the elderly mice used in this study by 

Masters student Celia Diaz, and after RSV infection, splenic germinal centres of elderly 

mice were equally smaller, fewer in number, and visibly disorganised compared to young 

mice (not shown). Future studies may want to investigate the nature of the germinal cen-

tre disorganisation more closely, for example by analysis of the distribution of T vs B cells 

and perhaps DCs. 

Lefebvre et al.’s conclusion of a more regulatory Tfh phenotype in elderly mice after IAV 

infection is based primarily on enhanced Foxp3 expression and decreased GL7 and 

CXCR5 expression. As mentioned, Foxp3 staining was not successful in this study, but 

GL7 and CXCR5 expression data was collected. MFI analysis was not conducted but the 

frequency and number of GL7-positive Tfh cells was not different in the lungs, lymph 

nodes or spleens of aged mice (not shown). Future studies may want to investigate the 

phenotype of Tfh cells of aged mice in RSV in more detail. A crucial difference between 

this study and the work by Lefebvre et al. is of course the use of two very different patho-

gens, RSV and IAV. Divergent findings in these two studies do not necessarily disqualify 

either, however, there was remarkable overlap in a number of results, particularly the 

blunted serum IgG response, increased IL-10 and IFN-γ production of CD4+ T cells, and 

comparable numbers of virus-specific CD4+ and Tfh cells in aged mice. Lefebvre et al. 

only investigated the splenic responses, whereas the present study found the most stark 

differences between young and elderly mice in the lung-draining lymph nodes, which 

presumably contain cells confronted most recently with the pathogen. This may explain 

part of the differences in the results. 

3.4.5. Elderly mice display molecular and macroscopic signals of muscle wast-
ing after RSV infection

Muscle is a highly dynamic tissue that is tightly regulated by multiple factors. The meth-
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ods used in this chapter were designed to interrogate both factors promoting muscle 

growth and factors promoting muscle atrophy, as well as measuring the net outcome 

of the combination of these. The net outcome of infection on muscle was assessed by 

weighing the whole tibialis anterior (TA) muscle, and by measuring the minimum Feret’s 

diameter of muscle fibres using immunohistochemistry of TA cryosections. Muscle syn-

thesis was evaluated by measuring the expression of a number of genes promoting mus-

cle growth and repair, and with a novel type of assay measuring the incorporation of 

puromycin into muscle polypeptide chains as a proxy for the rate of protein synthesis. 

Muscle atrophy was evaluated by measuring the expression of a number of genes pro-

moting the breakdown of muscle proteins. 

3.4.5.1. The muscle weight of elderly mice decreases significantly with RSV 
infection

The raw weight of TA muscles of elderly mice decreases significantly from baseline to 

the peak of weight loss at 8 dpi, whereas no such decrease was observed in the muscles 

of young mice. This was a strong indicator that RSV infection indeed induced muscle 

wasting in the elderly mice. However, comparing raw muscle weights between young 

and elderly mice may not be statistically appropriate since the muscles of elderly mice 

were already significantly heavier (in accordance with their higher body weight) at base-

line. Therefore, it was attempted to normalise TA weight to overall body size in order 

to account for the differing starting conditions of young and elderly mice before infec-

tion. Normalisation to bodyweight was not appropriate since the bodyweight of elderly 

mice was known to change dramatically over the course of infection, in contrast to young 

mice. Instead, the tibia (shinbone) to which the TA is attached, was extracted and its 

length measured. The tibia length should not change over the course of infection and 

should be a consistent proxy for overall body size of an individual animal. A “TA atrophy 

index” was calculated by dividing the TA weight by the tibia length cubed. The TA atro-

phy index of elderly mice was significantly lower than that of young mice at the peak of 

infection, suggesting that during RSV infection, elderly mice had significantly less mus-
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cle mass in relation to overall body size than young mice. No other studies so far appear 

to have measured muscle weight in elderly mice in response to RSV, so it is unclear how 

universal these results are. Bartley et al.  (2016) infected young and elderly mice with in-

fluenza and observed signs of muscle wasting (discussed below), but did not weigh any 

muscles. It is plausible that they would have also observed lower muscle weights in the 

elderly mice after infection. 

3.4.5.2. Elderly mice upregulate expression of muscle atrophy genes after 
RSV

The expression of genes encoding factors promoting both muscle growth and atrophy 

was measured by qPCR. The ubiquitin-proteasome pathway is a key regulator of pro-

tein homeostasis in the muscle. Atrogin-1 (encoded by the Fbxo32 gene) and MuRF-1 

(encoded by the Trim63 gene) are the dominant muscle-specific E3 ubiquitin ligases 

responsible for breakdown of muscle proteins (Bodine & Baehr, 2014). The expression 

of both Fbxo32 and Trim63 was strongly upregulated in the TA muscles of elderly mice 

after 8 days of RSV infection, but not at all in the muscles of young mice. This is indicative 

of a strong atrogenic signal in the muscles of elderly mice. 

Bartley et al. compared the expression of Atrogin-1 and MuRF-1 in the gastrocnemicus 

muscles of young and elderly mice after influenza A virus (IAV) infection (Bartley et al., 

2016). They equally observed increased expression of Atrogin-1 and MuRF-1 in the mus-

cles of elderly mice after infection, although this was only significantly higher than in 

young mice  at 11 dpi. Curiously, Bartley et al. found that expression of these genes was 

elevated in the muscles of both young and elderly mice at 7 dpi. It is possible that due 

to the choice of time points in this study, an increase in the expression of Atrogin-1 and 

MuRF-1 in the muscles of young mice was missed. It is conceivable that young mice 

simply downregulate the expression of these genes earlier in infection. More detailed 

time courses could be carried out to elucidate the kinetics of expression. However, a sin-

gle experiment carried out at 5 dpi indicated that Atrogin-1 and MuRF-1 expression was 

only minorly elevated in the muscles of both young and elderly mice at this time point. 
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It is also important to remember that Bartley et al. investigated a different pathogen and 

a different muscle to the present study, which may account for the differences between 

this study and theirs. A different study observed increased baseline levels of Atrogin-1 

and MuRF-1 mRNA in the muscles of aged rats, however, this was not the case in the 

present study. 

Myostatin is a strong driver of muscle atrophy via inhibition of muscle synthesis path-

ways and induction of many atrophy-related genes, including Atrogin-1 and MuRF-1. At 

baseline, the expression of the Mstn gene encoding myostatin in the muscles of elderly 

mice was significantly higher, which may indicate a propensity towards muscle wasting. 

But curiously, the expression of myostatin decreased significantly in the muscles of el-

derly mice from baseline to 8 dpi. Even 18 days after infection, myostatin expression in 

the muscles of elderly mice remained significantly lower than baseline. This was unex-

pected considering that myostatin is considered a crucial driver of muscle atrophy that is 

induced by inflammation (McFarlane et al., 2006). Interestingly, Bartley et al. (2016) found 

that myostatin expression increased in the gastrocnemicus muscles of both young and 

elderly mice after 7 days of IAV infection, but was no different between the two age 

groups. Perhaps IAV is simply a stronger atrogenic stimulus than RSV, considering that 

young mice also lost weight after IAV. These results suggest that muscle loss in elderly 

mice after RSV infection was not driven by myostatin signalling. Atrogin-1 and MuRF-1 

expression may have been induced by other means, for example by TNFα signalling via 

NF-κB activation, although only very low amounts of circulating TNFα were detected in 

this study (not shown). 

3.4.5.3. Expression of muscle growth-promoting genes in elderly mice after 
RSV

The expression of a number of genes involved in promoting muscle growth and repair 

was measured in the muscles of elderly and young mice after RSV infection. The ex-

pression of Igf1, encoding IGF-1, a key driver of cell proliferation, was increased in the 

muscles of young mice at the peak of infection. No such upregulation took place in the 
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muscles of elderly mice. It was unexpected that the muscles of young mice would up-

regulate IGF-1 expression during an infection, when muscle growth is presumably not an 

organismal priority. It is possible that this constitutes a repair response to inflammatory 

injury to the muscle, which conversely was not observed in the elderly mice. This might 

contribute to the muscle wasting observed in the muscles of elderly mice. 

The expression of Pax7, a key determinant of satellite cell (muscle stem cell) identity, was 

significantly decreased in the muscles of elderly mice compared to young mice, both at 

baseline and at day 8 post-infection. This, in combination with the impaired upregulation 

of IGF-1 in elderly mice, might suggest that there are fewer satellite cells in the muscles 

of elderly mice, hindering muscle regeneration after damage. Future studies may want to 

stain for and quantify satellite cells in histological images of muscles of young and elder-

ly mice after RSV infection. It is well known that aged mice and rats have fewer satellite 

cells in their muscles (Snow, 1977; Schultz & Lipton, 1982; Brack, Bildsoe & Hughes, 

2005; Day et al., 2010). It would be interesting to see whether this is exacerbated by RSV 

infection in the long-term, since there was a non-significant trend towards persistently 

lower expression of Pax7 in the muscles of elderly mice after 18 days of infection. This 

might indicate a loss of regenerative potential in the muscles of elderly mice. 

Counterintuitively, the expression of two other genes involved in promoting muscle 

growth, myogenin and Mef2c, was significantly increased in the muscles of elderly mice 

at 8 dpi compared to young mice. The reasons for this are unclear. It might be an exam-

ple of a compensatory mechanisms attempting to regenerate muscle in the absence of 

sufficient Pax7 and IGF-1 expression. Myogenin and Mef2c synergistically promote the 

differentiation of committed muscle progenitor cells into myofibres, (Wright, Sassoon & 

Lin, 1989; Molkentin et al., 1995). Perhaps an upregulation of myogenin and Mef2c indi-

cates the necessity of elderly muscle to regenerate in the face of damage, which is made 

impossible by a lack of muscle progenitor cells derived from Pax7+ satellite cells. 

Mef2c is known to promote a switch towards a slow-twitch muscle fibre phenotype (Pot-
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thoff et al., 2007b). Myogenin is more highly expressed in slow-twitch muscle (Ekmark et 

al., 2007), and promotes a switch in fast-twitch myofibres from glycolytic to more oxida-

tive, and causes a reduction in fast-twitch fibre size (Hughes et al., 1999).The increase 

in myogenin and Mef2c expression observed in the muscles of elderly mice may be an 

indicator of an age-associated transition away from high-power fast-twitch muscles, po-

tentially accelerated by RSV infection. This study unfortunately did not assess muscle 

fibre type, but future experiments could measure whether the fibre type composition 

changes towards a more slow-twitch dominated one in the muscles of elderly mice after 

RSV infection. 

On the other hand, one study suggests that myogenin, while important for muscle 

development, actually promotes the expression of Atrogin-1 and MuRF-1 in a mouse 

denervation model of muscle atrophy (Moresi et al., 2010). The present study used an 

inflammatory stimulus in the form of a live viral infection to induce muscle atrophy, so 

muscle atrophy was likely not caused by the exact same pathways as in a pure denerva-

tion model. However, it is possible that the increased expression of myogenin observed 

in the muscles of elderly mice after RSV infection contributed to the high expression of 

Atrogin-1 and MuRF-1 and thus increased muscle atrophy. 

3.4.5.4. Elderly mice fail to upregulate protein synthesis in skeletal muscle 
after RSV infection

Puromycin is a natural antibiotic produced by the bacterium Streptomyces alboniger. 

It is a structural analogue of tyrosyl-tRNA and is readily incorporated into nascent poly-

peptide chains (Nathans, 1964). Because puromycin lacks a hydrolysable ester bond, it 

terminates peptide elongation. In high concentrations, this inhibits protein translation 

and constitutes its antibiotic effect. In lower doses, puromycin incorporation into nascent 

peptides correlates approximately to the overall rate of protein synthesis in a given tissue 

(Goodman & Hornberger, 2013). Wool and Kurihara were first to devise a 3H-puromy-

cin-based technique for estimating the number of active ribosomes in a cell-free prepa-

ration from rat skeletal muscle (Wool & Kurihara, 1967). Nakano and Hara adapted this 
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method to measure protein synthetic activity in the tissues of rats in vivo, and found that 

puromycin incorporation was significantly reduced by a 24-hour fast or a low-protein 

diet (Nakano & Hara, 1979). Since, the puromycin method has been adapted to various 

contexts, being detected by radiographic, ELISA, or fluorescent methods, in vitro, in vivo, 

and immunohistochemically (Schmidt et al., 2009; Kawahashi et al., 2006; Goodman et 

al., 2011, 2012; Liu et al., 2012; David et al., 2012; Signer et al., 2014; Pekkala et al., 2015; 

Henrich, 2016). In this study, a puromycin ELISA method was optimised for measuring 

protein turnover in the muscles of young and elderly mice. Mice were injected intraperi-

toneally with 0.8μmol puromycin dihydrochloride, a dose based on Goodman et al. (2011, 

2012) and culled 30 minutes later. TA muscles were extracted and homogenised and the 

protein-containing supernatant assayed. 

Surprisingly, the puromycin incorporation assay revealed an increase in the rate of pro-

tein synthesis in the TA muscles of young mice at the peak of infection (day 8). This in-

crease was not observed in the muscles of the elderly mice. This finding might imply that 

a repair response in the muscle is impaired in the elderly mice. This data is consistent 

with the finding that IGF-1 expression was upregulated in the muscles of young, but not 

elderly mice, at 8 dpi. The reasons for this increase in protein synthesis in the muscles 

of young mice, which fails to occur in the elderly mice, are unclear. It is conceivable 

that skeletal muscle is broken down for metabolic demands of the immune response, 

and elderly mice fail to replenish this reservoir. However, the expression of Atrogin-1 and 

MuRF-1 was not increased in the muscles of young mice, and total TA weight did not 

change significantly, suggesting that their muscles did not experience notable break-

down. 

Quy et al. found that in a denervation model of muscle atrophy in mice, muscle wasting 

in the denervated muscle was accompanied by constitutively activated mTORC1 and 

elevated protein synthesis as determined by increased puromycin incorporation (Quy et 

al., 2013). Rapamycin treatment (blocking mTOR activity) reduced puromycin incorpora-

tion and exacerbated muscle loss. The authors conclude that amino acids freed by pro-
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teasome-mediated proteolysis activated mTORC1 in denervated muscle. Denervation is 

clearly a different type of stressor causing muscle wasting compared to the RSV infection 

used in this study. It is conceivable that a similar mechanism to Quy et al.’s observations 

was seen in the muscles of young mice in this study. An inflammatory insult to the mus-

cle, was counteracted by increased IGF-1 expression (which promotes mTOR activity) 

and protein synthesis inferred from puromycin incorporation. Perhaps this mechanism 

is fundamentally disturbed in elderly mice, leading to pronounced muscle wasting. To 

investigate whether amino acids from muscle are incorporated into immune cells during 

RSV infection, future studies could conduct amino acid tracing experiments. Free amino 

acids could be measured in the muscle samples like in Quy et al. (2013). Rather than in-

traperitoneal injection, puromycin could also be injected into the TA muscle directly and 

then incorporation measured in lung tissue. Rates of protein synthesis are closely corre-

lated to the last time of feeding, so to decrease the variability in the data, mice could be 

fasted and/or given a defined nutrient bolus prior to the puromycin injection (Paul Kemp, 

pers. comm. 2017). 

Baehr et al. studied the effects of hindlimb unloading on adult and elderly rats to investi-

gate muscle wasting after disuse (Baehr et al., 2016, 2017). Since by visual observation, 

elderly mice infected with RSV did move around less, it is likely that disuse contributed to 

muscle wasting to some extent. 

Hindlimb unloading in rats induced muscle atrophy in both adult and elderly rats, from 

which the adult rats recovered 14 days after reloading, but elderly rats did not. Baehr et 

al. (2017) found that hindlimb unloading did not affect TA puromycin incorporation in 

the elderly rats. They observed a boost in protein synthesis after reloading, but this was 

not impaired in the elderly rats (Baehr et al., 2016). A key finding of Baehr et al. was that 

changes in protein synthesis and proteolysis were highly muscle-specific. For example, 

while hindlimb unloading did not decrease puromycin incorporation in the TA of elderly 

rats, it did decrease in the soleus and gastrocnemicus muscle. Additionaly, even though 

Atrogin-1/MuRF-1 expression was increased in all muscles tested, actual proteasome 
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activity was only increased in the soleus of adult rats. This suggests that some puzzling 

findings in the present study, such as the fact that protein synthesis was unchanged in 

the TA muscle of elderly mice after RSV infection, may be due to highly muscle-specific 

effects. Other muscles, such as the soleus and gastrocnemicus, could be extracted in 

future studies and measured with the methods developed here. Moreover, the Baehr 

et al. studies emphasise that expression data does not always correlate with function. 

This study assumed that the increased expression of Atrogin-1 and MuRF-1 and the 

decrease in muscle mass observed in elderly mice were causally connected, but future 

studies may want to measure actual proteasome activity or ubiquitylated proteins to con-

firm that proteolysis is indeed increased. 

Caution is still warranted in comparing this study and the studies of Baehr et al.. Muscle 

wasting induced by RSV infection is probably not exclusively attributable to disuse. Dif-

ferent stressors may well induce different pathways including upregulation of proteolysis 

and/or downregulation of protein synthesis. Also, Baehr et al. used male rats whereas the 

present study used female mice. Muscle and ageing responses among rodents should 

be relatively well conserved, but nevertheless there may be differences. 

3.4.5.5. RSV infection decreases muscle fibre size in elderly mice

The size of individual muscle fibres in the TA muscles of young and elderly mice after 

RSV infection was measured by immunohistochemistry. Previously, muscle fibre size 

had been measured by hand, a process that was labour-intensive and prone to sam-

pling bias. A pipeline was developed where complete muscle sections were imaged and 

tiled, and fibre size automatically measured using a script.  To correct for variations in 

cutting angle, the measurement taken was minimum Feret’s diameter rather than maxi-

mum diameter or cross-sectional area. To my knowledge, muscle fibre size has not been 

previously measured in mice after RSV infection. Consistently with their decreased TA 

weight, elderly mice displayed a significant decrease in the average TA minimum Feret’s 

diameter from baseline to 8 days post-RSV infection. The size of muscle fibres in young 

mice was not affected, consistent with their unchanged TA weight over the course of 
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RSV infection. 

The most directly comparable study to the present work, Bartley et al. (2016), did not 

measure the muscle fibre size of young and elderly mice after influenza A virus (IAV) in-

fection. It would be interesting to investigate whether a similar effect would be seen with 

influenza, a similar inflammatory stimulus to RSV infection. Radigan et al. investigated 

the effect of IAV infection on the muscle fibre size of adult C57BL/6 mice (Radigan et al., 

2019). The dose of IAV administered was sufficient to induce 20% weight loss, compara-

ble to what was achieved with RSV infection in elderly mice in the present study. Radigan 

et al. assayed the soleus and extensor digitorum longus (EDL) muscles, of which the 

EDL is most similar in fibre type profile to the TA. EDL weight was significantly reduced, 

as was EDL fibre cross-sectional area. Although elderly mice were not assessed by Ra-

digan et al., this appears to confirm the present data that respiratory viral infection is 

capable of inducing muscle wasting in mice. 

3.4.6. Limitations and future work

The results presented here have a number of limitations. Firstly, data from the elderly 

mice was highly variable. This is likely due to increased variability accumulated over the 

longer lifespan of the elderly animals, and is difficult to eliminate. Mice were bought as 

littermates and kept under the same conditions. Ideally, data should be collected longitu-

dinally from the same animals to minimise this inter-animal variability. This is possible for 

outputs like bodyweight, but clearly not for other outputs necessitating euthanasia such 

as TA weight. Methods for measuring muscle wasting longitudinally should be consid-

ered, such as NMR or MRI scanning. 

Secondly, only static outputs of muscle mass were measured, which are not necessarily 

correlated with strength or function. A number of methods could be applied to addition-

ally measure muscle function in mice after RSV infection. Simple tests could include 

wire hang tests (timing how long a mouse can suspend its own weight) or grip strength 

meters. More advanced methods could include measuring gait changes on specialised 

equipment or measuring overall activity in the home cage with beam breaks similarly to 
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Bartley et al. (2016). 

The data for muscle fibre type composition was collected as part of immunohistochem-

ical staining, but could not be analysed comprehensively for technical reasons. This 

should be a priority for future studies to evaluate whether fibres of different types were 

differentially affected by infection-induced atrophy in aged muscle. Ageing is generally 

accompanied by a shift from fast to slow-twitch type fibres (Ciciliot et al., 2013; Holloszy 

et al., 1991), in addition to a general decrase in the number of muscle fibres (Lexell, 1995) 

and a decrase in size in fast-twitch fibres (Frontera et al., 2000; Janssen et al., 2000). Dis-

use, on the other hand, is associated with a shift from slow- to fast-twitch fibres, in both 

spaceflight-induced unloading in humans and hindlimb unloading in rats (Caiozzo et al., 

1994; Zhou et al., 1995; Baehr et al., 2017). Investigating the effect of infection of muscle 

fibre type composition would clarify which is the case in this model.

As already mentioned, analysis of muscle in this study was limited to the TA. The TA 

was chosen because it is a large, predominantly fast-twitch muscle used for locomo-

tion, which was likely to be affected by atrophy. As other studies have shown, the effect 

of an atrogenic stimulus can have highly variable effects on different muscles (Baehr et 

al., 2017). Future studies should take this into account and investigate other muscles, 

including other fast-twitch muscles like the gastrocnemicus, and slow-twitch muscles 

like the soleus. 

3.4.7. Summary

This chapter has investigated the fundamental immune response to RSV by young and 

elderly mice, and the effects on skeletal muscle. Elderly mice display pronounced weight 

loss, enhanced lung and airway inflammation, and higher viral load after RSV infection. 

Despite lower serum IgG titres, the RSV-specific CD4+ T cell response and Tfh response 

of elderly mice was not impaired in terms of number of cells. The TA muscle weight and 

muscle fiber size of elderly mice decreased significantly from baseline to the peak of 

infection, but was not changed in young mice. Elderly mice displayed an increased ex-

pression of muscle-specific E3 ubiquitin ligases in their muscles after RSV, suggesting 
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increased protein breakdown. Elderly mice also displayed reduced expression of muscle 

satellite cell marker Pax7 and growth promoter IGF-1 after RSV infection, suggesting 

impaired muscle repair responses. This was confirmed by measuring protein synthe-

sis using puromycin incorporation. Young mice upregulated protein synthesis in their 

TA muscles after RSV infection, whereas elderly mice did not. Together, these results 

demonstrate that age is an important determinant of RSV infection outcome, and that 

RSV infection can cause muscle wasting in elderly mice. The same infectious insult can 

cause dramatically different outcomes in muscle atrophy depending on age. Muscle 

wasting should be considered as a potential clinical outcome of RSV infection in the 

elderly. 
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Chapter 4. The role of GDF-15 in the elderly during 
respiratory infection

4.1. Introduction

4.1.1. Background

GDF-15 is a hormone of the TGF-β cytokine superfamily. Since its discovery, it has been 

found to be elevated in a range of medical conditions, including diabetes, heart failure, 

COPD, and cancer cachexia; and high levels are often predictive of a poor outcome 

(Carstensen et al., 2010; Cotter et al., 2015; Bloch et al., 2015). However, until recently, its 

mechanism of action was unknown. In 2017, four groups simultaneously identified the 

receptor for GDF-15 (Mullican et al., 2017; Hsu et al., 2017; Yang et al., 2017; Emmerson 

et al., 2017). The only target that bound GDF-15 in a high-throughput screen was GFRAL, 

an orphan neuronal brain stem receptor. Further studies by the authors suggested that 

GFRAL was essential to the ability of GDF-15 to suppress appetite. On the other hand, 

in vitro studies have suggested that GDF-15 can directly promote muscle wasting in cul-

tured myotubes by upregulating the expression of atrophy-promoting genes like Fbox32 

(Bloch et al., 2013; Patel et al., 2016). This implies the existence of a GFRAL-independent, 

direct method of action of GDF-15 on muscle. Serum GDF-15 levels are also known to 

rise with age (Fujita et al., 2017; Brown et al., 2002). The role of GDF-15 in viral infectious 

disease has not been clearly defined. 

4.1.2. Purpose of chapter

This chapter aims to elucidate the role of GDF-15 in the elderly mouse model of RSV 

infection developed in the previous chapter. The effects of GDF-15 were blocked with a 

monoclonal antibody to GDF-15 during RSV infection of elderly mice. The results com-

pare the effect of GDF-15 blockade on general features of the immune response to RSV 

(markers of inflammation, cellular airway infiltration, viral load) and on muscle wasting 

using the methodologies developed in the previous chapter (TA muscle weight, fibre 

size, protein turnover, and gene expression profile). 
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4.1.3. Aims

 � To determine the effects of GDF-15 blockade on the outcome of RSV infection in 

elderly mice

 � To determine the effects of GDF-15 blockade on muscle wasting after RSV infec-

tion in elderly mice

4.2. Experimental Design

The results in this chapter describe an interventional study of the effects of blocking 

GDF-15 using a monoclonal antibody to GDF-15. All mice used in this chapter were “el-

derly” (±80 weeks) mice. One day before RSV infection, mice were injected intraperito-

neally with 250μg anti-GDF-15 antibody or isotype control antibody, suspended in 100μl 

PBS (kindly provided by Bernard Allan and Harding Luan (NGM Biopharmaceuticals, San 

Francisco, CA, USA)). Groups were assigned randomly, and experimenters were blinded 

to treatment. The next day, mice were infected with 2.3x105 PFU of RSV strain A2 and 

weighed daily. Tissues were collected 8 days post-infection (Figure 4-1). Tissues collect-

ed were blood, BAL fluid, lung tissue, tibia, and tibialis anterior (TA) muscle. Flow cytom-
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Figure 4-1  Timeline of GDF-15 blockade in elderly mice during RSV infection

Elderly (±80 week-old) female C57BL/6 mice were injected intraperitoneally with 250μg of either α-GDF-15 
antibody or isotype control (keyhole limpet hemocyanin) antibody suspended in PBS. The following day, 
mice were intranasally inoculated with 2.3x105 PFU of RSV strain A2 in a volume of 75μl. Mice were euth-
anised and tissues harvested 8 days post-infection. Illustration by Michael Barrett. 
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etry of lung cells and BAL fluid cells was used to quantify cell numbers and determine 

changes in the frequency of various immune cell types. Copy number of RSV L gene was 

measured in lung tissue by qPCR. Cytokines in BAL fluid were measured by ELISA. The 

TA muscle was weighed, and tibia length measured. The expression of various genes 

controlling muscle mass was determined by qPCR. Protein turnover in the TA was de-

termined with a novel assay measuring puromycin incorporation by ELISA technology. 

Muscle fibre size and fibre type composition was determined by immunohistochemistry 

of muscle cryosections. 

4.3. Results

4.3.1. GDF-15 is elevated in elderly mice and increases with RSV infection

A collaborator’s lab had previously found evidence suggesting that GDF-15 promoted 

skeletal muscle wasting (Patel et al., 2016). Assays conducted during the time course 

experiments shown in Chapter 3 showed that elderly mice had significantly higher circu-

lating levels of GDF-15 compared to young mice (Figure 4-2a). Levels of GDF-15 protein 

in serum remained constant in both young and elderly mice throughout the course of 

infection. In the BAL fluid however, GDF-15 protein increased markedly in elderly mice 

between baseline and day 8 of RSV infection (Figure 4-2b). At day 8, GDF-15 protein was 

significantly higher in the BAL fluid of elderly mice than in young mice. At baseline and at 

day 18, BAL fluid levels of GDF-15 were not significantly different between young and el-

derly mice (analysed by Two-way ANOVA), although this did reach statistical significance 

in separate t-tests (not shown). 

The expression of the gene encoding the GDF-15 protein, Gdf15, in lung tissue was 

measured by qPCR. Expression was measured at the time points of RSV infection used 

previously, and additionally at day 5, for which samples were available. Gdf15 was sig-

nificantly more highly expressed in the lung tissue of elderly mice at day 5 compared to 

young mice (Figure 4-2c). At day 8 on the other hand, Gdf15 was more highly expressed 

in the lung tissue of young mice. 18 days after RSV infection, Gdf15 expression remained 

elevated in the lung tissue of elderly mice. Gdf15 expression was not detectable in TA 
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muscle (not shown). 

4.3.2. GDF-15 blockade in RSV infection of elderly mice

4.3.2.1. Blocking GDF-15 does not affect weight loss or appetite during RSV 
infection

Elderly mice were given αGDF-15 antibody or isotype control antibody intraperitoneally 

one day before RSV infection and euthanised 8 days after infection. Blocking GDF-15 

did not affect weight loss compared to the isotype control antibody (Figure 4-3a). The 

isotype-treated group lost on average 15.97% of their original bodyweight (SD ±5.61) and 

the αGDF-15-treated group lost an average of 17.40% of their original bodyweight (SD 
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Figure 4-2  GDF-15 protein levels in serum and BAL fluid

a. Serum GDF-15 levels in young and elderly mice during RSV infection. Pooled from 5 independent exper-
iments at n=4-10. 2-way ANOVA with Bonferroni’s multiple comparisons test. b. BAL fluid GDF-15 levels 
in young and elderly mice during RSV infection. Pooled from 4 independent experiments at n=4-5. 2-way 
ANOVA with Bonferroni’s multiple comparisons test. c. Expression of the Gdf15 gene in lung tissue of 
young and elderly mice during RSV infection. Pooled from 5 independent experiments at n=4-5. 2-way 
ANOVA with Bonferroni’s multiple comparisons test.



±7.314). This was also evident in the Area Under the Curve, as the two groups were not 

significantly different (Figure 4-3b). Food and water intake was likewise not significant-

ly different between the αGDF-15-treated group and the isotype-treated group (Figure 

4-3c,d). 

4.3.2.2. Blocking GDF-15 increases viral load but does not affect lung 
infiltration

The αGDF-15-treated mice displayed higher RSV L gene copy number in their lungs 

compared to the isotype-treated mice (Figure 4-4a). However, this increased viral expo-

sure did not translate to enhanced cellular infiltration of the airways or lungs, since total 
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Figure 4-3  Weight loss, food and water intake after GDF-15 blockade

Pooled from two independent experiments n=4-5. a. Bodyweight as a percentage of weight at day 0 (the 
day of infection). Shown are group means with the standard error of the mean. b. Area under the curve 
of weight loss as a percentage of starting weight. c. and d. Food and water intake per mouse over the 
course of RSV infection. Open circles: Mice given isotype control antibody. Blue filled circles: Mice given 
α-GDF-15 antibody. Pooled from two experiments of one cage for each treatment group. 
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cell counts in the BAL fluid and lung tissue were not significantly different between the 

two groups (Figure 4-4b,c). 

4.3.2.3. Lung inflammation and GDF-15 levels during GDF-15 blockade

The cell counts in BAL fluid and lung tissue suggested that GDF-15 blockade did not af-

fect inflammation in the lung during RSV infection. To confirm this, levels of total protein 

and of IL-6 protein were measured in BAL fluid. Elderly mice like the ones used in this ex-

periment were previously found to have very high levels of total protein and of IL-6 in their 

BAL fluid, a signal of high RSV-induced inflammation. αGDF-15-treated mice had nei-

ther more total protein nor more IL-6 in their BAL fluid than isotype-treated mice (Figure 

4-5a,c). This was consistent with the previous evidence that αGDF-15 treatment did not 

promote or inhibit RSV-driven inflammation. Curiously, the αGDF-15-treated group was 

found to have significantly more GDF-15 protein in their BAL fluid than the isotype-treat-

ed group, although this may be an artefact caused by antibody-bound protein interacting 

with the ELISA (Figure 4-5b). 
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Figure 4-4  Lung viral load and cell counts in BAL fluid and lung tissue after GDF-15 blockade

Pooled from two independent experiments n=4-5. Student’s unpaired two-tailed t test. a. RSV viral load 
expressed as copies of RSV L gene detected per ug of RNA extracted from lung tissue. b. Live cells in bron-
choalveolar lavage (BAL) fluid of young and elderly mice infected with RSV. c. Live cells in homogenised 
lung tissue of young and elderly mice infected with RSV. 
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4.3.2.4. GDF-15 blockade during RSV infection in elderly mice does not affect 
immune cell populations

Based on the unchanged levels of cellular infiltration and pro-inflammatory cytokines in 

the two experimental groups, it may be that GDF-15 blockade did not affect inflamma-

tion. However, the increase in viral load in the lungs of elderly mice treated with αGDF-15 

suggests there may be subtle differences in the immune response to RSV in this model. 

Multicolour flow cytometry experiments were employed to identify the different immune 

cell populations in BAL fluid and lung tissue. Cells from homogenised lung tissue and 

from BAL fluid were stained for surface markers of Natural Killer (NK) cells, B cells, and T 

cells, including CD4+ and CD8+ subsets. CD4+ T cells were stained with an MHC class 

II tetramer displaying an RSV peptide to determine RSV specificity of the response. Ad-

ditionally, intracellular cytokine staining was carried out to measure production of IFNγ 

and IL-10. The gating strategy is shown in Figure 4-6. Lymphocytes were defined as live, 

singlet, CD45+ cells that had characteristically small forward and side scatter. T cells 

were defined as CD3+ lymphocytes. CD4+ and CD8+ T cells were defined as CD3+ cells 

staining positive for CD4+ and CD8+, respectively. NK cells were defined as NK1.1+ lym-

phocytes and B cells were defined as CD19+ lymphocytes. 
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Figure 4-5  Airway cytokines and inflammation during GDF-15 blockade in RSV infection

Cytokine levels were assayed using ELISA. Total protein content was assessed by Bradford assay. Pooled 
from two independent experiments n=4-5. Student’s unpaired two-tailed t test. a. IL-6 protein in BAL fluid. 
b. GDF-15 in BAL fluid. c. Total protein content in BAL fluid. 
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Figure 4-6  Gating strategy for immune response to RSV during GDF-15 blockade

Gating strategy shown as an example on a lung sample from an elderly mouse at 8 dpi. Lung and BAL cells 
were gated to remove debris and dead cells using Live/Dead fixable cell stain. Single cells were defined 
using forward scatter area and forward scatter height. Leukocytes were defined as CD45+ cells and all 
other cell populations gated on it. Granulocytes were determined with Gr1 staining.  Lymphocytes were 
identified using forward and side scatter area. Lymphocytes were then gated for B cells (CD19⁺), NK cells 
(NK1.1⁺), T cells (CD3⁺) and CD4⁺ and CD8⁺ T cells. RSV specificity of CD4⁺ T cells was determined with 
an MHC class II tetramer. The production of IFNγ and IL-10 by CD4⁺ and CD8⁺ T cells was determined by 
intracellular cytokine staining. 
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Figure 4-7  The effect of GDF-15 blockade on immune responses to RSV in lung tissue

Immune cell populations in lung tissue of elderly mice after 8 days of RSV infection, treated with either 
isotype control antibody or α-GDF-15 antibody. a. Lymphocytes. b. T cells. c. CD4⁺ T cells. d. CD8⁺ T cells. 
e. B cells. f. NK cells. g. Granulocytes. h. RSV tetramer-staining CD4⁺ T cells. Student’s unpaired two-tailed 
t-test. Pooled from two independent experiments at n=4-5. Left panels: proportion of population out of 
parent population. Right panels: Total number of cells of the given population in tissue. 

iso
typ

e

α-G
DF15

0

20

40

60

80

100

%
 C

D
8+  

ce
lls

 / 
C

D
3+ 

ce
lls

CD8+ T cells

iso
typ

e

α-G
DF15

0

5

10

15

%
 N

K1
.1

+  
/ l

iv
e 

si
ng

le
 ly

m
ph

oc
yt

es

NK cells

iso
typ

e

α-G
DF15

0

2×105

4×105

6×105

liv
e 

C
D

8+  
C

D
3+  

ce
lls

# CD8+ T cells

iso
typ

e

α-G
DF15

0

2×104

4×104

6×104

liv
e 

N
K 

ce
lls

 

# NK cells

iso
typ

e

α-G
DF15

70

75

80

85

90

95

100

%
 C

D
3+  

ce
lls

 
/ l

iv
e 

si
ng

le
 ly

m
ph

oc
yt

es

T cells

iso
typ

e

α-G
DF15

0.0

5.0×105

1.0×106

1.5×106

liv
e 

C
D

3+  
ce

lls
 

# T cells

iso
typ

e

α-G
DF15

0

5

10

15

%
 R

SV
 te

tra
m

er
+  

/ C
D

4+  T
 c

el
ls

RSV tetramer+ cells

iso
typ

e

α-G
DF15

0.0

5.0×103

1.0×104

1.5×104

2.0×104

R
SV

 te
tra

m
er

+  
C

D
4+  

ce
lls

 

# RSV tetramer+ cells

iso
typ

e

α-G
DF15

0

20

40

60

80

100

%
 ly

m
ph

oc
yt

es
 

/ s
in

gl
e 

liv
e 

ce
lls

Lymphocytes

iso
typ

e

α-G
DF15

0.0

5.0×105

1.0×106

1.5×106

liv
e 

si
ng

le
t l

ym
ph

oc
yt

es
 

# Lymphocytes

iso
typ

e

α-G
DF15

0

20

40

60

%
 C

D
4+  

ce
lls

 
/ C

D
3+  

ce
lls

CD4+ T cells

iso
typ

e

α-G
DF15

0

2×105

4×105

6×105

liv
e 

C
D

4+  
C

D
3+ 

ce
lls

 

# CD4+ T cells

iso
typ

e

α-G
DF15

0

2×104

4×104

6×104

8×104

1×105

liv
e 

C
D

19
+  

ce
lls

 

# B cells

iso
typ

e

α-G
DF15

0

5

10

15

%
 C

D
19

+  
/ l

iv
e 

si
ng

le
 ly

m
ph

oc
yt

es

B cells

iso
typ

e

α-G
DF15

0

1×105

2×105

3×105

4×105

liv
e 

gr
an

ul
oc

yt
es

# Granulocytes

iso
typ

e

α-G
DF15

0

20

40

60

%
 G

r1
+  

ce
lls

/ C
D

45
+ 

ce
lls

Granulocytes

a b

c d

e f

g h



Chapter 4. The role of GDF-15 in the elderly during respiratory infection

174

Figure 4-8  The effect of GDF-15 blockade on immune responses to RSV in BAL fluid cells

Immune cell populations in lung tissue of elderly mice after 8 days of RSV infection, treated with either 
isotype control antibody or α-GDF-15 antibody. a. Lymphocytes. b. T cells. c. CD4⁺ T cells. d. CD8⁺ T cells. 
e. B cells. f. NK cells. g. Granulocytes. h. RSV tetramer-staining CD4⁺ T cells. Student’s unpaired two-tailed 
t-test. Pooled from two independent experiments at n=4-5. Left panels: proportion of population out of 
parent population. Right panels: Total number of cells of the given population in tissue. 
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There were no significant differences between mice treated with αGDF-15 antibody and 

mice treated with isotype antibody in any immune cell population measured in lung tissue 

or BAL fluid cells (Figure 4-7, Figure 4-8). There was high individual variability between 

the mice, as observed previously in elderly mice. There was no detectable difference in 

IL-10 or IFNγ production between the two groups either, however, intracellular cytokine 

staining was only done in one experiment (Figure 4-9, Figure 4-10). 

4.3.2.5. The effect of GDF-15 blockade on skeletal muscle mass during RSV 
infection

At this point, GDF-15 blockade had not shown any clear effect on airway or lung inflam-

mation during RSV infection. The muscles of elderly mice treated with αGDF-15 anti-

iso
typ

e

α-G
DF15

0

1

2

3

IF
N
γ+

 / 
C

D
8+  T

 c
el

ls

% CD8+ IFNγ+

iso
typ

e

α-G
DF15

0.0

5.0×104

1.0×105

1.5×105

2.0×105

2.5×105

IF
N
γ+

 C
D

8+  T
 c

el
ls

 / 
lu

ng
 

# CD8+ IFNγ+

iso
typ

e

α-G
DF15

0

20

40

60

80

100

IF
N
γ+

 / 
C

D
8+  T

 c
el

ls

% CD8+ IFNγ+

iso
typ

e

α-G
DF15

0.0

5.0×104

1.0×105

1.5×105

IF
N
γ+

 C
D

8+  T
 c

el
ls

 / 
BA

L 
flu

id

# CD8+ IFNγ+
a b

Lung BAL fluid

iso
typ

e

α-G
DF15

0

5

10

15

IF
N
γ+

 / 
C

D
4+ 

T 
ce

lls

% CD4+ IFNγ+

iso
typ

e

α-G
DF15

0

2×104

4×104

6×104

8×104

IF
N
γ+

 C
D

4+ 
T 

ce
lls

 / 
lu

ng

# CD4+ IFNγ+

iso
typ

e

α-G
DF15

0

20

40

60

80

IF
N
γ+

 / 
C

D
4+ 

T 
ce

lls

% CD4+ IFNγ+

iso
typ

e

α-G
DF15

0

1×104

2×104

3×104

4×104

IF
N
γ+

 C
D

4+ 
T 

ce
lls

 / 
BA

L 
flu

id

# CD4+ IFNγ+
c d

Figure 4-9  IFNγ production by immune cells in RSV during GDF-15 blockade

Lung cells and BAL fluid cells were harvested from elderly mice after 8 days of RSV infection, treated with 
either isotype control antibody or α-GDF-15 antibody. Populations were gated according to Figure 4-6. One 
experiment at n=4-5. Student’s unpaired two-tailed t test. a.,c. Results from lung cells. b.,d. Results from 
BAL fluid cells. a.-b. CD8⁺ T cells. c.-d. CD4⁺ T cells. Left panels: proportion of population out of parent 
population. Right panels: Total number of cells of the given population in tissue. 
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body or with isotype antibody were analysed to determine any potential effect of GDF-15 

blockade on muscle wasting during RSV infection. The TA muscle was extracted from 

both legs of each animal after euthanasia. Mice treated with αGDF-15 antibody trend-

ed towards having lighter TA muscles than those treated with isotype antibody, but this 

trend was not statistically significant, probably due to inadequate sample size (Figure 

4-11a). However, when expressed as the TA atrophy index, which normalises muscle 

weight to the tibia length of the animal, αGDF-15-treated mice had significantly lower rel-

ative TA muscle mass than isotype-treated animals (Figure 4-11c). The tibia length used 

to calculate this atrophy index was not significantly different between the two groups 

(Figure 4-11b). 

Figure 4-10  IL-10 production by immune cells in RSV during GDF-15 blockade

Lung cells and BAL fluid cells were harvested from elderly mice after 8 days of RSV infection, treated with 
either isotype control antibody or α-GDF-15 antibody. Populations were gated according to Figure 4-6. One 
experiment at n=4-5. Student’s unpaired two-tailed t test. a.,c. Results from lung cells. b.,d. Results from 
BAL fluid cells. a.-b. CD8⁺ T cells. c.-d. CD4⁺ T cells. Left panels: proportion of population out of parent 
population. Right panels: Total number of cells of the given population in tissue. 
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4.3.2.6. Expression of positive and negative regulators of muscle during GDF-
15 blockade

After measuring raw muscle weight, muscle wasting was interrogated on a molecular 

level by qPCR. The expression of the atrophy-promoting gene Fbox32 (encoding Atro-

gin-1) was upregulated significantly in the TA muscles of elderly mice treated with αGDF-

15 antibody compared to isotype-treated mice (Figure 4-12a). There was a similar trend 

towards increased expression of Trim63 (MuRF-1), but this did not reach statistical sig-

nificance (Figure 4-12b). There was no statistically significant difference in the expres-

sion of myostatin, or in the expression of the growth-promoting factors myogenin, Pax7, 

Myod1, and Mef2c, between isotype- and anti-GDF-15-treated groups (Figure 4-12c-g). 

Interestingly, there was a trend towards upregulation of the Gdf15 gene itself in the lung 

tissue of elderly mice treated with αGDF-15 antibody (Figure 4-12h). This may represent 

a positive feedback loop induced by the systemic blockade of GDF-15 signalling. 

4.3.2.7. Muscle fibre size and protein synthesis during GDF-15 blockade

The minimum Feret’s diameter of TA muscle fibres in elderly RSV-infected mice treat-

ed with either isotype or αGDF-15 antibody was measured. Mice treated with αGDF-15 

antibody trended towards having smaller TA muscle fibres compared to mice treated 

Figure 4-11  Gross and relative skeletal muscle mass during GDF-15 blockade

a. Tibialis anterior (TA) muscle weight of elderly mice 8 days after RSV infection treated with either isotype 
control antibody or α-GDF-15 antibody (average of both legs per mouse). Pooled from two independent 
experiments at n=4-5. Student’s unpaired two-tailed t test. b. Tibia length. c. TA atrophy index. 
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Figure 4-12  Expression of negative regulators of muscle mass during RSV infection

qPCR assays of gene expression in TA muscle (a.-h.) or lung tissue (i.) of elderly mice 8 days after RSV 
infection, treated with either isotype control antibody or α-GDF-15 antibody. Pooled from two independ-
ent experiments at n=4-5.  Student’s unpaired two-tailed t test. a. Fbxo32 encoding Atrogin-1 b. Trim63 
encoding MuRF-1. c. Mstn encoding Myostatin. d. Myog encoding Myogenin. e. Pax7 encoding Pax7. f. 
Myod1 encoding MyoD1. g. Mef2c encoding Mef2c. h. Igf1 encoding IGF-1. i. Expression of GDF-15 in 
lung tissue. 
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with isotype antibody, although this did not quite reach statistical significance (Figure 

4-13a-c). Protein synthesis as measured with the puromycin incorporation assay was 

unchanged between isotype-treated and αGDF-15-treated mice (Figure 4-13d). 

4.3.3. GDF-15 in samples from elderly human RSV challenge

Chris Chiu and Stephanie Ascough kindly provided plasma and BAL fluid samples from 

the INFLAMMAGE study, in which healthy elderly adults (age 65-75 years) were chal-

lenged with RSV. Young healthy volunteers (age 18-45 years) were also challenged and 

served as comparison. The individuals included in these results had cold-like symptoms 

Figure 4-13  Muscle fibre size and puromycin incorporation during GDF-15 blockade

a.-c. TA muscle fibre minimum Feret’s diameter measurement in elderly mice 8 days after RSV infection, 
treated with either α-GDF-15 antibody or isotype antibody. a. Relative frequency histogram of TA muscle 
fibre minimum Feret’s diameter. b. Cumulative frequency histogram of a. c. Average minimum Feret’s di-
ameter of TA muscle fibres in elderly mice 8 days after RSV infection treated with either α-GDF-15 antibody 
or isotype antibody. d. Incorporation of puromycin into TA muscle of elderly mice 8 days after RSV infection 
treated with either α-GDF-15 antibody or isotype antibody. Pooled from 2 independent experiments at n=4-
5. Student’s unpaired two-tailed t test.
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and had been confirmed to be infected with RSV by qPCR of nasal swabs for RSV L 

gene (by Stephanie Ascough). Viral load data and symptom score data was provided by 

Stephanie Ascough (Figure 4-14c-f). The basic information about the participants whose 

samples were analysed here is shown in Table 4-1. 

Plasma samples were available for baseline (day 0, before infection) and 3, 6, 14, and 28 

days after RSV infection. GDF-15 protein was assayed in plasma samples by ELISA. Like 

in mice, plasma GDF-15 levels were elevated in the elderly participants compared to the 

young participants (Figure 4-14a). This difference was statistically significant at baseline 

(before RSV infection) and 3 days after infection. Similarly to what was found in mice, 

the time point of infection did not appear to affect circulating levels of GDF-15 in either 

young or elderly participants. Baseline plasma levels of GDF-15 were not correlated with 

cumulative viral load (Figure 4-14g) or symptom score (Figure 4-14h) over the course of 

Table 4-1 Demographic and clinical information from participants of the INFLAMMAGE study 
whose samples were analysed for GDF-15

All participants listed here were infected with RSV strain X, were qPCR-confirmed to have been productive-
ly infected, and had cold-like symptoms. IQR = interquartile range; NA = not applicable; ns = not significant. 
P values for unpaired, two-tailed Student’s t test. 

“Young” “Elderly” P value

n = 3 7 —

Median age (range), 
years 

26 (24-38) 66 (61-71) 0.0167

Sex, M:F (%M) 3:0 (100%) 4:3 (57%) —

Ethnicity

   White 1 7 —

   Asian 1 0 —

   Mixed 1 0 —

Mean cumulative symp-
tom score (IQR)

11 (NA) 29 (41) 0.3314

Mean cumulative viral 
load (IQR), log10 copies/
ml

21.32 (NA) 30.79 (11.89) 0.3196
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Figure 4-14 GDF-15 in young and elderly human volunteers experimentally infected with RSV

Young (age 18-55) and elderly (age 60-78) volunteers were intranasally infected with RSV as part of the 
INFLAMMAGE study. a. GDF-15 protein in plasma of RSV-infected young (n=3) and elderly (n=7) human 
volunteers. Two-way ANOVA with Bonferroni’s post-test for multiple comparisons. b. GDF-15 protein in 
BAL fluid of RSV-infected young (n=3) and elderly (n=2) human volunteers c.+e. Nasal wash viral load 
determined by qPCR in young (c.) and elderly (e.) participants. d.+f. Daily self-reported symptom score in 
young (d.) and elderly (f.) participants. g.+h. Correlation of plasma GDF-15 with RSV cumulative viral load 
(g.) and cumulative symptoms score (h.) of experimentally RSV-challenged young and elderly volunteers. 
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RSV infection, but this may be due to the small number of samples. 

The largest difference in GDF-15 protein levels between young and elderly mice had 

been found in BAL fluid. Hence, GDF-15 levels were tested in BAL fluid samples from IN-

FLAMMAGE participants. Samples were only available from three young volunteers and 

two elderly volunteers, and only for some time points. Baseline samples and samples 

from 28 days after infection were available from all five participants. BAL fluid samples 

for day 10 were available from the young participants. There was one BAL fluid sample 

from an elderly volunteer for day 7.  As expected, data was fairly variable. There was no 

difference in BAL fluid GDF-15 levels between young and elderly volunteers at any time 

point, and also there was no significant change in GDF-15 levels with the course of in-

fection (Figure 4-14b). However, due to the small sample size, no conclusions should be 

drawn from this data other than that GDF-15 is detectable in the BAL fluid of humans 

both before and after RSV challenge. 

4.4. Discussion

This chapter has explored the role of GDF-15 in the elderly mouse model of RSV infec-

tion using a GDF-15-blocking antibody. GDF-15 is a cytokine of the TGF-beta cytokine 

superfamily. GDF-15 levels are known to be elevated in many conditions and higher lev-

els are commonly prognostic of a poor outcome (Carstensen et al., 2010; Cotter et al., 

2015; Bloch et al., 2015). Until recently, its receptor and mode of action were unknown. 

High levels of GDF-15 being associated with poor outcomes may suggest that GDF-15 

is causatively involved in these conditions, and that blocking its signalling may improve 

the conditions. Time course experiments comparing young and elderly mice suggested 

that GDF-15 was generally elevated in the serum of elderly mice and was more strongly 

increased in the BAL fluid and lungs of elderly mice during RSV infection. The discovery 

of the receptor of GDF-15, GFRAL, has suggested a role as an appetite suppressor (Mul-

lican et al., 2017; Hsu et al., 2017; Yang et al., 2017; Emmerson et al., 2017). Since time 

course experiments had found that elderly mice consumed less food and water during 
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RSV infection than young mice, it was hypothesised that GDF-15 blockade may allevi-

ate anorexia and subsequently ameliorate RSV weight loss. Additionally, previous in vitro 

studies had suggested that GDF-15 may possess a direct activity on muscle to promote 

atrophy, potentially by enhancing expression of the muscle-specific E3 ubiquitin ligases 

Fbox32 and Trim63 (Bloch et al., 2015), which I sought to confirm in this study. 

4.4.1. GDF-15 does not influence inflammation during RSV infection

Contrary to expectations, elderly mice treated with αGDF-15 antibody did not lose more 

or less weight after 8 days of RSV infection than mice treated with an isotype control an-

tibody. Blocking GDF-15 also did not affect food or water intake, unlike other studies that 

found it was a strong appetite suppressor. These results may suggest that not enough 

antibody was administered to achieve full suppression of GDF-15 signalling, or that the 

appetite suppression observed in elderly mice as compared to young mice was not pri-

marily driven by GDF-15-mediated mechanisms. 

Anti-GDF-15 treated mice also did not display changed levels of cellular infiltration in 

either BAL fluid or lung tissue. The frequency and total abundance of various immune 

cell subsets in BAL fluid and lung tissue, including T cells, B cells, NK cells, granulo-

cytes, CD8+ T cells, CD4+ T cells, and RSV-specific CD4+ T cells was likewise unchanged 

by GDF-15 blockade. A small preliminary experiment into cytokine production also sug-

gested that GDF-15 blockade did not significantly affect the ability of immune cells to 

produce either IL-10 or IFNγ. 

There was a slight increase in the viral load detected in the lungs of αGDF-15-treated 

mice compared to isotype-treated mice. However, the spread in the data was fairly broad 

so this may not have been caused by the antibody intervention. Contrary to this study, Wu 

et al. found increased rhinovirus viral load in mice overexpressing human GDF-15 (Wu 

et al., 2018). Knockdown of GDF-15 reduced rhinovirus load in human airway epithelial 

cells. Wu et al. also found increased airway inflammation after rhinovirus infection in 

GDF-15 transgenic mice, whereas the present study did not detect a change in inflam-

mation after GDF-15 blockade during viral infection. Differences between this study and 
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Wu et al.’s study may be related to the differences between RSV and rhinovirus, and the 

differing experimental models. Wu et al.  did not carry out the converse experiment in 

their model, blocking GDF-15 signalling either in transgenic or wild-type mice with rhi-

novirus infection. Similarly, this study did not test whether administration of recombinant 

GDF-15 exacerbated the response of elderly mice during RSV infection. This experiment 

could be of considerable interest to future studies because of the known strong cor-

relation between elevated GDF-15 levels and poor health outcomes in many medical 

conditions. 

There was a non-significant trend towards T cells particularly in the BAL fluid producing 

less IFNγ in mice treated with αGDF-15. This may be related to the increased viral load, 

as IFNγ is known to promote antiviral responses. Blocking GDF-15 may cause T cells to 

secrete less IFNγ, impairing protection against RSV, and leading to higher viral replica-

tion. The mechanism of GDF-15 signalling on T cells cytokine secretion is unclear and 

may be indirect. 

4.4.2. The effect of GDF-15 blockade on muscle wasting during RSV infection

Patel et al. applied recombinant GDF-15 to myotube culture and observed an increase 

in expression of Fbxo32 (Atrogin-1) and a decrease in minimum Feret’s diameter of the 

myotubules (Patel et al., 2016). The authors concluded that GDF-15 may be a promoter 

of muscle atrophy. Counterintuitively, in the present study, the opposite appeared to be 

the case. There was a trend towards αGDF-15-treated elderly mice having lighter TA 

muscles proportionally to overall body size 8 days after RSV infection. There was also 

a non-significant trend towards smaller TA fibre size with GDF-15 blockade. Blocking 

GDF-15 caused significant upregulation of Fbxo32 expression in TA muscle, the gene 

encoding the atrophy-promoting ubiquitin ligase Atrogin-1. There was a non-significant 

trend towards upregulation of another ubiquitin ligase, MuRF-1. These results may sug-

gest that contrary to the findings of Patel et al., GDF-15 in fact fulfils a muscle-protective 

role in the context of RSV infection. Future studies with larger sample sizes are needed 

to confirm these trends. 
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Considering that GFRAL, the receptor for GDF-15, is exclusively expressed in the brain 

stem, it is unclear how GDF-15 administration to myotubes in vitro could have yielded 

the effects observed by Patel et al. There have been reports of commercially available 

recombinant GDF-15 being contaminated with TGF-β, which could explain these effects 

(Okamura, 2015; Olsen et al., 2017). A simple way of testing this would be to repeat the 

experiment and attempt to block the effects of the recombinant GDF-15 preparation with 

anti-GDF-15 and anti-TGF-β antibodies, respectively. 

On the other hand, there is still a large body of work suggesting that GDF-15 has immu-

nomodulatory effects (such as the original finding that it inhibits macrophage function) 

that cannot be explained by its interaction with GFRAL. Many in vitro studies using cell 

models that do not express GFRAL have found effects of GDF-15 (Fairlie et al., 1999; De 

Jager et al., 2011; Kempf et al., 2011). How can the results of these studies be reconciled 

with the apparent finding that GFRAL is the only receptor that binds GDF-15 (Mullican 

et al., 2017; Hsu et al., 2017; Yang et al., 2017; Emmerson et al., 2017)? There may still 

be other receptors or modes of action of GDF-15 to be discovered. For example, Patel 

et al.  and Bloch et al. claim that in myotubes, GDF-15 downregulated the expression 

of miRNAs that positively regulate muscle mass, which led to an upregulation of Atro-

gin-1 (Bloch et al., 2015). The authors hypothesise that GDF-15 may make muscles more 

sensitive to TGFβ-driven muscle wasting by inhibiting the expression of muscle-protec-

tive miRNAs like miR-181a. However, this experiment was not controlled for example 

by attempting to block the effect with an anti-GDF-15 antibody, or by replicating this in 

vivo. Non-canonical modes of signalling of GDF-15 remain to be elucidated. This could 

include administering anti-GFRAL antibodies or ablating the area postrema before ad-

ministering GDF-15 in an elderly RSV mouse model.

The exact mechanism of how GDF-15 blockade would promote muscle wasting in this 

model was not investigated. It appears that effects were mediated by an upregulation 

in atrophic signals, such as increased expression of Atrogin-1, but not by a decrease in 

protein synthesis, since puromycin incorporation was unchanged. It is interesting that 
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the muscle wasting response appears to be uncoupled from inflammation, which was 

not significantly increased with GDF-15 blockade. 

4.4.3. GDF-15 as a systemic regulator of stress responses

The findings that GDF-15 blockade did not affect weight loss, appetite, or inflammation 

caused by RSV infection may appear disappointing considering the strong association 

of GDF-15 with anorexia and poor outcome in numerous medical conditions. However, 

this may simply indicate that GDF-15 is not causative of a poor outcome, at least in the 

context of RSV infection in elderly mice. 

Luan et al. recently conducted a study investigating the role of GDF-15 in mouse models 

of lethal IAV infection or bacterial sepsis (Luan et al., 2019). In this study, survival was 

significantly lower in mice treated with αGDF-15 antibody, despite unchanged systemic 

inflammation and viral/bacterial loads. Conversely, treating wild-type mice with recombi-

nant GDF-15 improved sepsis survival. These results are intriguing because they contra-

dict the widespread assumption that GDF-15 is associated with poor outcomes. It is also 

consistent with the findings of the present study that viral load and inflammation was 

not majorly changed by GDF-15 blockade. Luan et al. suggest that GDF-15 signalling 

induces sympathetic neural signalling that promotes the release of cardioprotective lipid 

species from the liver. In this theory, GDF-15 is a regulator of systemic stress responses, 

which would explain its high production during conditions as varied as cancer, COPD, 

and ageing. 

The effect of GDF-15 on cardiac function was not investigated in this study, but there is 

evidence that muscle mass and function are also regulated by lipids (Lipina & Hundal, 

2017). The application of saturated fatty acids decreases C2C12 myotube diameter and 

increases expression of Atrogin-1, an effect that can be prevented by co-administration 

of unsaturated fatty acids (Bryner et al., 2012; Woodworth-Hobbs et al., 2014). Supple-

menting the diet of experimental animals with unsaturated fatty acids can prevent or 

ameliorate muscle wasting in a number of in vivo models, including colon adenocarci-

noma, muscle dystrophy, and adjuvant-induced arthritis (Whitehouse et al., 2001; Graves 
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et al., 2005; Langen et al., 2006; Castillero et al., 2009; Fiaccavento et al., 2010). This pro-

tective effect of unsaturated fatty acids was associated with reduced TNF-α signalling 

and improved mitochondrial function. Impaired mitochondrial function, such as reduced 

oxidative capacity, has been suggested to contribute to both diet- and age-associated 

muscle wasting (Gouspillou et al., 2014; Jang et al., 2010; Roseno et al., 2015). Luan et al.  

did not investigate the effect of GDF-15-mediated triglyceride release on skeletal muscle, 

but it is conceivable that the same mechanism is responsible for the effects observed 

in this study. A metabolomic screen of lipid species in the serum of elderly mice treated 

with isotype antibody and anti-GDF-15 antibody was initiated but not completed at this 

time. 

4.4.4. Human challenge studies confirm higher but constant GDF-15 levels in 
the elderly during RSV infection

Chris Chiu and Stephanie Ascough kindly provided plasma and BAL fluid samples from 

the INFLAMMAGE study, in which healthy elderly adults (age 60-78 years) and young 

adults (age 18-55 years) were challenged intranasally with RSV. Consistent with the re-

sults from the mouse model, circulating GDF-15 levels were elevated in elderly volun-

teers compared to young volunteers, but did not change significantly over the course of 

RSV infection. 

Since the largest change in GDF-15 was observed in the BAL fluid of elderly mice over 

the course of RSV infection, GDF-15 levels were also assayed in the BAL fluid of some IN-

FLAMMAGE volunteers. Unfortunately, only few BAL fluid samples were available. There 

was no discernible pattern of GDF-15 levels changing in the BAL fluid of young or elderly 

volunteers over RSV infection. BAL fluid levels of GDF-15 were also not different between 

young and elderly volunteers at any time point. However, this may be due to the fact that 

only one sample from an elderly volunteer was available for the peak of infection (day 

7). Moreover, BAL is conducted with a fairly large volume of liquid in humans and only 

a small branch of the lung is lavaged. This increased dilution may be the cause for the 

fairly low concentration of GDF-15 found in BAL fluid, and may make it more difficult in 
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the future to detect small amounts of GDF-15. Baseline plasma GDF-15 levels were not 

predictive of viral load or symptom score in either age group or collectively, but this may 

be due to the small number of samples. 

Overall, the number of patients tested in this preliminary study was too small to draw firm 

conclusions on the role of GDF-15 in RSV infection of young vs elderly humans. Unfortu-

nately, the INFLAMMAGE study is currently indefinitely suspended due to the COVID-19 

pandemic, so obtaining additional samples will prove difficult. However, these results 

confirm the findings of the mouse model that GDF-15 is elevated with age, but does not 

necessarily change in circulation over the course of RSV infection. 

4.4.5. Limitations

4.4.5.1. Anti-GDF-15 antibody dosing effects

Considering the modest effects of blocking GDF-15 in this model, it is possible that not 

enough of the antibody was administered to prevent all GDF-15 signalling. To address 

this, one experiment was conducted that included a second dose of αGDF-15 four days 

after the initial dose (3 dpi). However, results from that experiment did not show larger dif-

ferences between the two groups than the experiments using a single dose (not shown). 

Personal communication with Harding Luan of NGM Pharmaceuticals, who provided the 

antibodies, indicated that a single dose should be sufficient to block GDF-15 signalling in 

the time frame of these experiments (8 days). 

4.4.5.2. Existence of potential feedback loops 

Elevated levels of GDF-15 protein were found in the BAL fluid of mice given αGDF-15 

antibody. Mice treated with anti-GDF-15 antibody also displayed signs of increased 

expression of GDF-15 in lung tissue. Finding elevated GDF-15 protein and expression 

with αGDF-15 treatment may seem counterintuitive. It is possible that remnants of the 

αGDF-15 antibody in the BAL fluid interacted with the ELISA assay to produce this result. 

However, it may also be due to a feedback loop where the absence of GDF-15 triggers 

increased production, suggesting an important function of GDF-15 in the response to 

stress. Future experiments may wish to establish if the increased amount of GDF-15 
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protein detected in BAL fluid is biologically active. If this is found to be the case, then the 

effects seen when administering the antibody might not be due to the absence of GDF-

15, but in fact an increase in GDF-15. 

4.4.6. Future work

Future studies using this model may want to focus on elucidating the exact pathway 

through which GDF-15 signalling affects muscle mass. It is possible that this includes 

systemic lipid signalling, but other, non-canonical modes of action should also be con-

sidered. 

This study blocked GDF-15 with a monoclonal antibody, but did not attempt the con-

verse experiment, i.e. the administration of recombinant GDF-15 to elderly mice during 

RSV infection. In future studies it would be interesting to determine if recombinant GDF-

15 may protect elderly mice from muscle wasting during RSV infection, and whether this 

is dose-dependent. In high doses, GDF-15 is well-known to induce anorexia and sub-

sequent body and muscle weight loss (Harding Luan, pers. comm. 2019), but at lower 

doses it might have beneficial effects. It may also be of interest to determine the kinetics 

of this response, for example, if late or early GDF-15 blockade/signalling during an in-

fection have differential effects. Another avenue includes the effect of route of admin-

istration. Antibodies were administered intraperitoneally in this study, but since RSV is 

a respiratory infection, perhaps intranasal administration of recombinant GDF-15 may 

yield stronger effects. 

It might be informative to compare the results of these experiments with experiments 

blocking GFRAL, for example with an anti-GFRAL antibody. This could shed light on po-

tential non-canonical, non-GFRAL-mediated modes of action of GDF-15. 

To avoid antibody interactions and achieve a “clean” phenotype without any active pro-

tein, future studies may also use genetically modified mice, such as GDF-15-/- or GFRAL-/- 

mice. However, investigating the role of age presents the additional complication of hav-

ing to wait for these mice to achieve the right age, a substantial cost. As CRISPR-Cas9 
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technology and other precision genetic manipulation tools become more widely availa-

ble, this may present an opportunity for future experiments to study the role of GDF-15 in 

aged mouse models with various genetic modifications. 

This study was primarily concerned with the effect of GDF-15 in an aged model, due to 

the strong associations of GDF-15 with age and age-associated diseases. However, it 

might also be of interest to repeat this study with young mice to establish effects of GDF-

15 in the absence of systemic inflammation as may be found in elderly mice. To induce 

muscle wasting in young mice, a stronger stimulus will have to be used, for example IAV 

infection or a higher dose of RSV. 

The study by Luan et al. (2019) suggested a potential role of GDF-15 in the regulation 

of circulating triglycerides with a cardioprotective effect. This pathway may also be re-

sponsible for the non-significant trends observed of GDF-15 blockade on skeletal mus-

cle mass. A metabolomic screen of lipid species was initiated but not completed at time 

of writing. Evaluation of the other potential metabolic effects of GDF-15, particularly in 

the context of age and immunometabolism, may be of substantial interest. Investigation 

of the role of lipids in the regulation of muscle with age should focus on the role of mito-

chondria, which are known to be dysregulated with age. 

The few experiments using human plasma and BAL fluid samples from the INFLAM-

MAGE study obviously suffered from a small sample number, making statistical analysis 

difficult. As the INFLAMMAGE study progresses, more samples should become availa-

ble to consolidate those results, which may shed light on the dynamics of GDF-15 pro-

duction with age over RSV infection. 

Another potential avenue involves the potential role of GDF-15 in cardiac protection. Car-

diovascular complications, including congestive heart failure, acute coronary syndrome, 

and cardiac arrhythmias, develop in approximately a fifth of immunocompetent elderly 

adults infected with RSV, and the risk of acute myocardial infarction increases signif-

icantly in the week after hospitalisation for influenza infection (Anderson et al., 2016; 
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Kwong et al., 2018). This suggests a connection between systemic inflammation and 

cardiac events. 

The current limited data does not suggest that high baseline GDF-15 levels predispose 

to more severe acute RSV infection as measured by symptoms and viral load, in contrast 

to many other conditions. However, lower GDF-15 may predispose for future cardiac 

events in the longer term. Adding outputs measuring cardiac function and damage, such 

as plasma troponin, to the INFLAMMAGE study, may be able to indicate if this is the case.

4.4.7. Summary

The TGF-β superfamily cytokine GDF-15 is associated with a poor outcome in many 

medical conditions, and was found to be elevated in the serum of elderly mice, and in-

creased in the BAL fluid of elderly mice infected with RSV. GDF-15 was also elevated in 

the plasma of elderly volunteers experimentally infected with RSV, regardless of time 

point. The recent discovery of the receptor for GDF-15, the brain stem receptor GFRAL, 

implies that the detrimental effects of GDF-15 are driven by anorexia. This chapter has in-

vestigated if RSV-driven anorexia, body- and muscle weight loss in elderly mice could be 

rescued by blockade of GDF-15 using a monoclonal antibody. Contrary to expectations, 

GDF-15 blockade did not affect weight loss or lung inflammation. However, an increase 

in the expression of the atrogenic enzyme Atrogin-1, and non-significant trends towards 

a decrease in proportional TA muscle mass were observed in αGDF-15-treated mice. 

This provides tentative evidence that GDF-15 may not promote muscle wasting as pre-

viously assumed. The pathways through which GDF-15 may act on skeletal muscle re-

main to be elucidated but could include promotion of the release of certain lipid species. 

The commercial development of drugs blocking GDF-15 should be approached with 

great caution. The results of this study suggest that these drugs may have unintended 

side effects on skeletal muscle. On the other hand, increasing GDF-15 may present an 

interesting avenue for increasing resilience to infection-induced muscle wasting in aged 

organisms. 
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Chapter 5. The role of IL-6 in the elderly during res-
piratory infection

5.1. Introduction

5.1.1. Background

IL-6 is a pleiotropic cytokine that can have both pro-inflammatory and anti-inflammatory 

effects. Assays conducted during the time course experiments showed that IL-6 protein 

was strongly elevated in the BAL fluid of elderly mice at the peak of RSV infection (see 

Figure 3-18). IL-6 has been implicated in “inflammageing”, a state of detrimental chronic 

inflammation sometimes observed in aged organisms (Franceschi et al., 2006).  Blocking 

IL-6 signalling may remove excess inflammation and thus improve the outcome of RSV 

infection in elderly mice. On the other hand, Pyle et al. previously found that in young 

mice, IL-6 signalling early during RSV infection was essential to preventing excessive 

immunopathology, so it is also possible that blocking IL-6 signalling may cause more 

severe disease in elderly mice (Pyle et al., 2017). IL-6 is a myokine, a cytokine produced 

by skeletal muscle and released into circulation in response to exercise (Steensberg et 

al., 2000). The effect of IL-6 signalling on muscle itself is controversial. Studies with IL-6-

knockout mice have demonstrated that IL-6 promotes muscle growth (hypertrophy) by 

stimulating proliferation of satellite cells (Serrano et al., 2008). However, prolonged expo-

sure to IL-6 such as may be found in chronic inflammatory conditions has been associat-

ed with increased muscle atrophy, although its method of action in this context may be 

indirect (Muñoz-Cánoves et al., 2013). In cancer cachexia mouse models, blocking IL-6 

suppresses cachexia, and transgenic mice overexpressing IL-6 display profound mus-

cle wasting, a phenotype which can be reversed by blockade of the IL-6 receptor, IL-6R 

(Strassmann et al., 1992; Tsujinaka et al., 1995, 1996). Lastly, IL-6 plays an important role 

in the germinal centre response, driving the differentiation of B cells into antibody-pro-

ducing plasma cells, and of T cells into Tfh cells (Suematsu et al., 1989; Nurieva et al., 

2008). IL-6-deficient mice mount weaker IgG and IgA responses, which can be rescued 
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with recombinant IL-6 (Kopf et al., 1994; Ramsay et al., 1994). In this context, blocking IL-6 

signalling may be detrimental to the germinal centre response to RSV infection in the 

elderly mouse model. 

5.1.2. Purpose of chapter

This chapter aims to elucidate the role of IL-6 in the elderly mouse model of RSV infec-

tion. The effects of IL-6 signalling were blocked with a monoclonal antibody to the IL-6 

receptor (IL-6R) during RSV infection of elderly mice. The results compare the effect of 

IL-6 signalling blockade on general features of the immune response to RSV (markers 

of inflammation, cellular airway infiltration, viral load) and on muscle wasting using the 

methodologies developed previously (TA muscle weight, fibre size, protein turnover, and 

gene expression profile). 

5.1.3. Aims

 � To determine the effects of IL-6 blockade on the immune response to RSV infec-

tion in elderly mice

 � To determine the effects of IL-6 blockade on muscle wasting after RSV infection 

in elderly mice
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Figure 5-1  Timeline of IL-6R blockade in elderly mice during RSV infection

Elderly (±80 week-old) female C57BL/6 mice were injected intraperitoneally with 150μg of either α-IL-6R 
antibody or isotype control (keyhole limpet hemocyanin) antibody suspended in 200μl PBS every five days, 
beginning one day before RSV infection. Mice were intranasally inoculated with 2.3x105 PFU of RSV strain 
A2 in a volume of 75μl. Mice were euthanised and tissues harvested 8 days or 18 days post-infection. 
Illustration by Michael Barrett. 
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5.2. Experimental Design

The results in this chapter describe an interventional study of the effects of blocking 

IL-6 signalling using a monoclonal antibody to IL-6R. All mice used in this chapter were 

“elderly” (±80 weeks) mice. Mice were injected intraperitoneally with 150μg αIL-6R anti-

body or isotype control antibody, suspended in 200μl PBS, one day before RSV infection, 

and every five days thereafter (Figure 5-1). Groups were assigned randomly, and exper-

imenters were blinded to treatment. Mice were infected with 2.3x105 PFU of RSV strain 

A2 and weighed daily. Tissues were collected 8 days post-infection or 18 days post-in-

fection. Tissues collected were blood, BAL fluid, lung tissue, tibia, and tibialis anterior 

(TA) muscle. Flow cytometry of lung cells and BAL fluid cells was used to quantify cell 

numbers and determine changes in the frequency of various immune cell types. Copy 

number of RSV L gene was measured in lung tissue by qPCR. Cytokines in BAL fluid 

were measured by ELISA. The TA muscle was weighed, and tibia length measured. The 

expression of various genes controlling muscle mass was determined by qPCR. Protein 

turnover in the TA was determined with a novel assay measuring puromycin incorpora-

tion by ELISA technology. Muscle fibre size was determined by immunohistochemistry 

of muscle cryosections. 

5.3. Results

5.3.1. IL-6R blockade in elderly mice at baseline

Prior to commencing experiments with RSV infection, the baseline effect of IL-6R block-

ade in elderly mouse was determined. Every five days, elderly mice were injected intra-

peritoneally with αIL-6R antibody or isotype control antibody. Mice were observed for 

17 days which covered a total of four antibody injections. Mice were weighed daily and 

their food hoppers and water bottles were weighed to calculate the average daily intake 

of food and water per mouse. 

Over the course of 17 days, the two groups of mice did not diverge significantly in weight 

(Figure 5-2a). Towards the end of the experiment, the isotype-treated group trended to-
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wards an increasing bodyweight compared to the starting weight, but this may be unre-

lated to the antibody treatment. Calculating the Area Under the Curve (AUC) confirmed 

that neither group had lost or gained significantly more weight than the other (Figure 

5-2b). The food intake of both groups was very similar and very consistent over 17 days 

(Figure 5-3c). Water intake trended towards being higher in the αIL-6R-treated group, but 

since only two cages were compared, this was not statistically significant (Figure 5-2d). 

This experiment suggested that blocking IL-6R signalling would not have effects in elder-

ly mice independent of RSV infection. 
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Figure 5-2  Weight, food and water intake at baseline while blocking IL-6R

One experiment n=4-5. Open circles: Mice given isotype control antibody. Yellow filled circles: Mice giv-
en α-IL-6R antibody. a. Bodyweight as a percentage of weight at day 0. Shown are group means with the 
standard error of the mean. b. Area under the curve of weight change as a percentage of starting weight. 
c. Food intake and d. Water intake per mouse over the course of 17 days. 
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Figure 5-3  Weight loss of elderly mice during RSV infection after IL-6R blockade

Elderly mice were given α-IL-6R antibody or isotype control antibody intraperitoneally one day before RSV 
infection and every five days, and euthanised either 8 days or 18 days after infection. Two experiments 
each were conducted at a day 8 (a. and b.) and a day 18 (c. and d.) time point, n=2-10. Bodyweight is shown 
as a percentage of weight at day 0 (the day of infection). Shown are group means with the standard error 
of the mean. e. Experiments shown in a-d pooled. 



5.3.2. Blocking IL-6R does not affect weight loss during RSV infection

Elderly mice were given αIL-6R antibody or isotype control antibody intraperitoneally one 

day before RSV infection and every five days, and euthanised either 8 days or 18 days 

after infection. Two experiments were conducted at each time point. 

Contrary to expectations, blocking IL-6R signalling in this model did not yield a consist-

ent weight loss phenotype (Figure 5-3). In the two experiments that were concluded at 

day 18 after RSV infection, Experiments 3 and 4, there was a strong trend towards the 

αIL-6R-treated group losing less weight than the isotype-treated group (Figure 5-c,d). 

In one of these experiments, αIL-6R-treated mice had lost significantly less weight than 
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Figure 5-4  Area Under the Curve during RSV infection and IL-6R blockade

Area Under the Curve as a measure of total weight loss over the course of RSV infection of elderly mice 
while blocking IL-6R (yellow filled circles) or isotype antibody (open circles), n=2-10. a.-c. RSV infection 
over 8 days. d.-f. RSV infection over 18 days. c. and f. represent pooled data from a. + b. and d. + e., re-
spectively.  
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Figure 5-5  Food intake of elderly mice during RSV infection after IL-6R blockade

Food intake in grams of food consumed by each mouse per day (on average). Elderly mice were given α-IL-
6R antibody or isotype control antibody intraperitoneally one day before RSV infection and every five days, 
and euthanised either 8 days or 18 days after infection. Two experiments each were conducted at a day 8 
(a. and b.) and a day 18 (c. and d.) time point, n=2-10. e. All four experiments pooled. 
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Figure 5-6  Water intake of elderly mice during RSV infection after IL-6R blockade

Water intake in grams of water consumed by each mouse per day (on average). Elderly mice were given 
α-IL-6R antibody or isotype control antibody intraperitoneally one day before RSV infection and every five 
days, and euthanised either 8 days or 18 days after infection.  Two experiments each were conducted at a 
day 8 (a. and b.) and a day 18 (c. and d.) time point, n=2-10. e. All four experiments pooled. 
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isotype-treated mice at day 7, at the peak of weight loss (Figure 5-3c). The shape of the 

weight loss curve was not changed, i.e. mice did not lose weight less rapidly or recover 

weight quicker. Instead, the entire weight loss curve appeared to be shifted upwards 

(less weight loss) in the αIL-6R-treated mice. By contrast, in one of the two experiments 

concluded at day 8 post-infection, Experiment 2, there was no significant difference in 

weight loss between the groups, and in the other, Experiment 1, mice treated with αIL-

6R antibody lost significantly more weight at day 8 than the isotype-treated mice (Figure 

5-3a,b). When these four experiments were pooled together, there was no statistical dif-

ference in weight loss between mice treated with αIL-6R antibody and mice treated with 

isotype control antibody (Figure 5-3e). When weight loss was quantified as Area Under 
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Figure 5-7  RSV viral load during IL-6R blockade

RSV viral load expressed as copies of RSV L gene detected per ug of RNA extracted from lung tissue. Open 
circles: Mice given isotype control antibody. Yellow filled circles: Mice given α-IL-6R antibody. a.-c. RSV 
infection over 8 days. d.-f. RSV infection over 18 days, n=2-10. c. and f. represent pooled data from a. + b. 
and d. + e., respectively.  
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the Curve (AUC), the antibody treatment also did not cause significant differences (Fig-

ure 5-4). 

5.3.3. Blocking IL-6R does not affect appetite during RSV infection

Food and water intake largely followed the weight loss phenotype of the individual exper-

iment. In Experiment 1, where αIL-6R-treated mice lost more weight than isotype-treated 

mice, they likewise tended to consume less food and water (Figure 5-5a, Figure 5-6a). In 

Experiment 2, where there was no differential weight loss between the groups, food and 

water intake were not different between groups (Figure 5-5b, Figure 5-6b). In Experiment 

3, where IL-6R blockade led to lower weight loss, food and water intake tended to be 

higher in that group (Figure 5-5c, Figure 5-6c). In the final experiment, where there was 

Figure 5-8  Airway cytokines and total protein during IL-6R blockade in RSV infection

Cytokine levels were assayed using ELISA. Total protein content was assessed by Bradford assay. Pooled 
from two independent experiments for each time point at n=2-5. Open circles: Mice given isotype control 
antibody. Yellow filled circles: Mice given α-IL-6R antibody. a. IL-6 protein in BAL fluid. b. GDF-15 in BAL 
fluid. c. Total protein content in BAL fluid. 
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a non-significant trend towards IL-6R blockade to reduce weight loss during RSV infec-

tion, there was no difference in food or water intake between groups (Figure 5-5d, Figure 

5-6d). When pooled, these results suggested that IL-6R blockade did not affect food or 

water consumption of elderly mice during RSV infection (Figure 5-5e, Figure 5-6e). 

5.3.4. Blocking IL-6R does not affect RSV viral load in elderly mice 

The copy number of RSV L gene in lung tissue was not significantly different between 

mice treated with isotype antibody and mice treated with αIL-6R antibody in any experi-

ment (Figure 5-7). There may have been a trend towards lower viral load in αIL-6R-treated 

mice 8 days after RSV infection, but this was not statistically significant (Figure 5-7c). 

Figure 5-9  Total cell count in airways, lung, lung-draining lymph node and spleen of elderly mice 
during IL-6R blockade in RSV infection

Elderly mice were injected with isotype control antibody (open circles) or α-IL-6R antibody (yellow filled 
circles) one day before RSV infection and every five days. Tissues were harvested either 8 days or 18 days 
after RSV infection. Pooled from two independent experiments for each time point at n=2-10. a. Live cells 
in bronchoalveolar lavage (BAL) fluid. b. Live cells in homogenised lung tissue. c. Live cells in homoge-
nised lung-draining lymph node. d. Live cells in homogenised spleen tissue.
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5.3.5. Lung inflammation is unchanged by IL-6R blockade during RSV infection

So far, IL-6R blockade in elderly mice during RSV infection had not yielded a consistent 

phenotype in terms of either enhancing or reducing inflammation. Levels of total protein 

and of IL-6 protein were measured in BAL fluid. Elderly mice were previously found to 

have very high levels of total protein and of IL-6 in their BAL fluid, a sign of high RSV-in-

duced inflammation. Levels of IL-6 in BAL fluid were not different between αIL-6R-treated 

mice and isotype-treated mice at either 8 or 18 days after RSV infection (Figure 5-8a,c). 

IL-6 protein and total BAL fluid protein decreased significantly in αIL-6R-treated mice be-

tween day 8 and day 18 (Figure 5-8a,c). Total BAL fluid protein also decreased significant-

ly in isotype-treated mice between day 8 and day 18 (Figure 5-8c). Since GDF-15 was im-

plicated in the reaction of elderly mice to RSV infection in the previous chapter, GDF-15 

protein was measured in BAL fluid. GDF-15 protein levels were no different between αIL-

6R-treated mice and isotype-treated mice at either 8 or 18 days after RSV infection, but 

levels were significantly higher in both groups at day 8 compared to day 18 (Figure 5-8b). 

5.3.6. Cellular infiltration of lung-draining lymph nodes may be enhanced by IL-
6R blockade 

Inflammation caused by RSV infection was further quantified by measuring the cellular 

infiltration of BAL fluid and lung tissue – the location of infection – and additionally in 

lung-draining lymph nodes and spleen tissue. The spleen and lymph nodes are second-

ary lymphoid tissues where the germinal centre response to RSV is likely to take place. IL-6 

is an important cytokine to the germinal centre response, contributing to the differentia-

tion and maintenance of germinal centre cells such as Tfh cells. It was hypothesised that 

blocking IL-6 signalling may inhibit the germinal centre responses of elderly mice. Total 

cell numbers in BAL fluid did not differ between isotype-treated and αIL-6R-treated mice 

at either 8 or 18 days after RSV infection, but cell numbers decreased significantly in both 

groups between day 8 and day 18 (Figure 5-9a). Total cell numbers in homogenised lung 

tissue also did not differ between isotype-treated and αIL-6R-treated mice at either 8 or 
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Figure 5-10  Gating strategy for immune response to RSV during IL-6R blockade

Gating strategy shown as an example on a lymph node sample from an elderly mouse at 18 dpi. Lymph node and 
spleen cells were gated to remove debris and dead cells using Live/Dead fixable cell stain. Single cells were defined 
using forward scatter area and forward scatter height. Lymphocytes were identified using forward and side scatter 
area. Lymphocytes were gated for B cells (CD19⁺) and CD4⁺ T cells (CD3⁺ CD4⁺). RSV specificity of CD4⁺ T cells was 
determined with an MHC class II tetramer. Germinal centre B cells were defined as GL7⁺ and CD38lo. a. All T follicular 
helper (Tfh) cells (CXCR5⁺ PD1⁺ CD4⁺ T cells). b. “High” Tfh cells staining strongly for CXCR5 and PD1. c. “Low” Tfh 
cells staining less strongly for CXCR5 and PD1.  
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18 days after RSV infection, and cell numbers decreased significantly in αIL-6R-treated 

mice between day 8 and day 18 (Figure 5-9b). But αIL-6R-treated mice had significantly 

more cells in their lymph nodes at the 8 day time point compared to isotype-treated mice 

(Figure 5-9c). Lymph node cell numbers decreased significantly in both groups between 

day 8 and day 18. There was no significant difference in the number of spleen cells be-

tween isotype-treated and αIL-6R-treated mice at time point, but there was a significant 

increase in spleen cell numbers from day 8 to day 18 in both groups (Figure 5-9d). This 

may suggest the formation of a germinal centre response.

5.3.7. IL-6R blockade and the germinal centre response to RSV in elderly mice 

Multicolour flow cytometry experiments were employed to identify general immune cell 

populations and the germinal centre response in lung-draining lymph nodes and spleen 

tissue. Figure 5-10 shows the gating strategy used. Cells from homogenised spleen tis-

sue and from lung-draining lymph nodes were stained for surface markers of B cells, 

including germinal centre B cells, and CD4+,T cells, and T follicular helper cells. Lympho-

cytes were defined as live (Live/Dead Near-IR–), single cells that had characteristically 

low forward and side scatter. Germinal centre B cells were defined as GL7+ CD38lo CD19+ 

lymphocytes. CD4+ T cells were defined as CD4+ CD3+ lymphocytes. T follicular helper 

(Tfh) cells were defined as PD-1+ CXCR5+ CD4+ T cells. Tfh cells were further divided into 

Tfh “low” and Tfh “high” populations depending on the intensity of their staining for PD-1 

and CXCR5. Cells were additionally stained with an MHC class II tetramer displaying an 

RSV peptide to determine RSV specificity of the CD4+ T cell response. Positive staining 

of CD4+ T cells with the RSV tetramer was determined by comparison to staining with a 

control tetramer that was ligated to the same fluorophore but loaded with CLIP, a frag-

ment of the MHC class II invariant chain that should not be bound. B cells were defined 

as CD19+ lymphocytes. Germinal centre (GC) B cells were defined as GL7+ CD38lo CD19+ 

cells. 

There was no difference between the two antibody treatment groups in the proportion 

of lymphocytes out of live single cells at either time point in either the lymph nodes or 
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the spleen (Figure 5-11a,b). However, when expressed as total cell numbers, there were 

significantly more lymphocytes in the lymph nodes in both groups at day 8 compared 

to day 18. On the other hand, total lymphocyte numbers increased from day 8 to day 18 

in spleen in both groups (Figure 5-11a,b). The proportion of B cells out of lymphocytes 

was not different between isotype and αIL-6R-treated mice in lymph nodes, and no differ-

ent between the two time points (Figure 5-11c). Total B cell numbers in the lymph node 

Figure 5-11  The effect of IL-6R blockade on B cell responses to RSV in elderly mice

Immune cell populations in lymph node or spleen tissue of elderly mice after 8 or 18 days of RSV infection, 
treated with either isotype control antibody or α-IL-6R antibody. Left panels: proportion of population out 
of parent population. Right panels: Total number of cells of the given population in tissue. Pooled from four 
experiments, n=2-10. a.+b. Lymphocytes. c.+d. B cells. e.+f. Germinal centre (GC) B cells. Two-way ANO-
VA with Bonferroni’s multiple comparison test.  a.,c.,e. Populations in lymph nodes.  b.,d.,f. Populations in 
spleen cells. 
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decreased significantly from day 8 to day 18 in both groups (Figure 5-11c). In spleen 

cells, the proportion of B cells out of lymphocytes decreased significantly in both groups 

from day 8 to day 18 (Figure 5-11d). In terms of total cell numbers, B cells increased sig-

nificantly from day 8 to day 18 in αIL-6R-treated mice (Figure 5-11d). The frequency of 

germinal centre (GC) B cells increased significantly between day 8 and day 18 in both 

groups in the lymph nodes, but total GC B cell numbers were not different between ei-

ther the groups or the timepoints (Figure 5-11e). In the spleen, there was no difference 

in frequency of GC B cells between the two groups or the two time points tested, but the 

total number of GC B cells increased from day 8 to day 18 in isotype-treated mice (Figure 

5-11f). Both the frequency and total abundance of CD4+ T cells decreased from day 8 

to day 18 in the lymph nodes of both isotype- and αIL-6R-treated mice (Figure 5-12a). In 

spleen cells, the frequency of CD4+ T cells decreased between day 8 and day 18 in both 

groups, but the total number of CD4+ T cells was no different between either the two 

time points or the two groups (Figure 5-12b). There was no difference in the frequency 

of RSV tetramer+ CD4+ T cells between the groups or time points in either lymph nodes 

or spleen cells except that in the lymph nodes of both isotype and αIL-6R-treated mice, 

there were significantly more tetramer+ CD4+ T cells at day 8 compared to day 18. (Figure 

5-12c,d). There was a trend for lower frequency and abundance of RSV tetramer+ cells in 

αIL-6R-treated mice at day 8 in both lymph node and spleen. This was statistically signifi-

cant in one of the experiments (Experiment 2, no differential weight loss). The frequency 

of Tfh cells increased in the lymph nodes of isotype-treated mice from day 8 to day 18, 

and was significantly higher than the frequency of Tfh cells in αIL-6R-treated mice at day 

18 (Figure 5-12e). However, total Tfh numbers were not different. Total Tfh cell numbers 

decreased significantly from day 8 to day 18 in both groups. The frequency and abun-

dance of Tfh cells in spleen tissue was unchanged by either time point or antibody treat-

ment (Figure 5-12f). The proportion of RSV tetramer+ Tfh cells in lymph nodes decreased 

significantly from day 8 to day 18 in isotype-treated mice (Figure 5-12g). The total number 

of tetramer+ Tfh cells decreased from day 8 to day 18 in both antibody-treated groups. 
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Figure 5-12 The effect of IL-6R blockade on T cell responses to RSV in elderly mice

Immune cell populations in lymph node or spleen tissue of elderly mice after 8 or 18 days of RSV infection, 
treated with either isotype control antibody or α-IL-6R antibody. Left panels: proportion of population out 
of parent population. Right panels: Total number of cells of the given population in tissue. Pooled from 
four independent experiments (two per time point), n=2-10. a.+b. CD4⁺ T cells. c.+d. RSV tetramer⁺ CD4⁺ 
T cells. e.+f. T follicular helper (Tfh) cells. g.+h. RSV tetramer⁺ Tfh cells.  a.,c.,e.,g. Populations in lymph 
nodes.  b.,d.,f.,h. Populations in spleen cells. Two-way ANOVA with Bonferroni’s multiple comparison test. 
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In spleen tissue, the proportion of RSV tetramer+ Tfh cells decreased significantly from 

day 8 to day 18 in isotype-treated mice, but total abundance was not different in either 

group or either time point (Figure 5-12h). Like among CD4+ T cells, there was a trend 
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Figure 5-13 Gating strategy for intracellular cytokine response in RSV during IL-6R blockade

Lung cells and BAL fluid cells were harvested from elderly mice treated with either isotype control anti-
body or α-IL-6R antibody after 8 or 18 days of RSV infection. The production of IFNγ and IL-10 by CD4⁺ 
and CD8⁺ T cells was determined by intracellular cytokine staining. Lung and BAL fluid cells were gated to 
remove debris and dead cells using Live/Dead fixable cell stain. Single cells were defined using forward 
scatter area and forward scatter height. Lymphocytes were identified using forward and side scatter area. 
Lymphocytes were gated for CD4⁺ T cells (CD3⁺ CD4⁺) and CD8⁺ T cells (CD3⁺ CD8⁺). CD4⁺ and CD8⁺ T 
cells were gated for IFNγ and IL-10 production using unstimulated controls and fluorescence-minus-one 
controls (not shown). 
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towards lower frequency and abundance of RSV tetramer+ Tfh cells in the lymph nodes 

and spleen cells of the αIL-6R-treated mice, which reached statistical significance in one 

experiment when analysed separately (not shown). When pooled, there was no statisti-

cally significant difference in the frequency or abundance of any cell type between the 

two antibody-treated groups, except for a reduced frequency of Tfh cells in the lymph 

Figure 5-14 Immune cell populations in lung and airways during IL-6R blockade in RSV infection

Immune cell populations in lung cells or BAL fluid cells of elderly mice treated with either isotype control 
antibody or α-IL-6R antibody, after 8 or 18 days of RSV infection. Populations were gated according to Fig-
ure 5-13 Left panels: proportion of population out of parent population. Right panels: Total number of cells 
of the given population in tissue. Pooled from four independent experiments (two per time point), n=2-10. 
a.+b. Lymphocytes. c.+d. CD4⁺ T cells. e.+f. CD8⁺ T cells.  a.,c.,e. Populations in BAL fluid cells.  b.,d.,f. 
Populations in lung cells. Two-way ANOVA with Bonferroni’s multiple comparison test.
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nodes of αIL-6R-treated mice after 18 days of RSV infection. 

5.3.8. Intracellular cytokine production during IL-6R blockade in RSV infection

Intracellular cytokine staining was carried out to measure production of IFNγ and IL-10 

by CD4+ and CD8+ T cells in BAL fluid and lungs. The gating strategy is shown in Figure 

5-13. Live single-celled lymphocytes were gated as in Figure 5-10. CD4+ and CD8+ T 

cells were defined as CD3+ lymphocytes staining positive for CD4+ and CD8+, respective-

ly. IFNγ and IL-10 gating was determined with unstimulated cells and fluorescence-mi-

nus-one controls (not shown). The proportion of lymphocytes out of live single cells in-

creased in both antibody-treated groups from day 8 to day 18 in both BAL fluid cells and 

Figure 5-15 IFNγ production by immune cells in RSV during IL-6R blockade

Lung cells and BAL fluid cells were harvested from elderly mice treated with either isotype control anti-
body or α-IL-6R antibody after 8 or 18 days of RSV infection. Populations were gated according to Figure 
5-13. Pooled from four independent experiments (two per time point), n=2-10. a.,c. Results from BAL fluid 
cells. b.,d. Results from lung cells. a.-b. CD4⁺ T cells. c.-d. CD8⁺ T cells. Left panels: proportion of popula-
tion out of parent population. Right panels: Total number of cells of the given population in tissue. Two-way 
ANOVA with Bonferroni’s multiple comparison test.
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lung cells (Figure 5-14a,b). The total number of lymphocytes was not different between 

groups or time points in lung tissue, whereas it fell between day 8 and day 18 in both 

groups. This may be expected since day 8 represents the peak of inflammation when 

there is high recruitment of immune cells into the airways. CD4+ T cells as a proportion 

of lymphocytes in the BAL fluid decreased in isotype-treated mice from day 8 to day 18 

(Figure 5-14c). The total number of CD4+ T cells in BAL fluid decreased significantly in 

both groups from day 8 to day 18. The frequency and abundance of CD4+ T cells among 

lung tissue cells decreased significantly in both groups from day 8 to 18, but there was 

no difference between the two groups (Figure 5-14d). The frequency of CD8+ T cells in 

BAL fluid cells increased in both groups between day 8 and day 18, but the total number 

of CD8+ T cells decreased in both groups between day 8 and day 18 (Figure 5-14e). At 

Figure 5-16 IL-10 production by immune cells in RSV during IL-6R blockade

Lung cells and BAL fluid cells were harvested from elderly mice treated with either isotype control anti-
body or α-IL-6R antibody after 8 or 18 days of RSV infection. Populations were gated according to Figure 
5-13. Pooled from four independent experiments (two per time point), n=2-10. a.,c. Results from BAL fluid 
cells. b.,d. Results from lung cells. a.-b. CD4⁺ T cells. c.-d. CD8⁺ T cells. Left panels: proportion of popula-
tion out of parent population. Right panels: Total number of cells of the given population in tissue. Two-way 
ANOVA with Bonferroni’s multiple comparison test.
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day 8, a higher proportion of lymphocytes in the lung tissue of αIL-6R-treated mice were 

CD8+ T cells compared to isotype-treated mice (Figure 5-14f). The frequency and abun-

dance of CD8+ T cells in lung tissue decreased in both groups between day 8 and day 18. 

The frequency of IFNγ+ CD4+ T cells increased in both groups from day 8 to day 18 in 

both BAL fluid cells and lung cells (Figure 5-15a,b). The total number of IFNγ+ CD4+ T 

cells decreased significantly in the BAL fluid of isotype-treated mice from day 8 to day 18 

(Figure 5-15a). The total number of IFNγ+ CD4+ T cells in lung tissue was unchanged by 

time point or antibody treatment (Figure 5-15b). A lower proportion of CD8+ T cells in the 

BAL fluid of αIL-6R-treated mice were IFNγ+ compared to isotype-treated mice (Figure 

5-15c). This almost reached statistical significance when expressed as cell numbers. 

The proportion of IFNγ+ CD8+ T cells increased from day 8 to day 18 in both groups in 

both BAL cells and lung tissue (Figure 5-15c,d). Total abundance of CD8+ IFNγ+ T cells 

was not significantly different with either antibody treatment or time point of infection in 

either BAL cells or lung tissue. 

The frequency and abundance of IL-10+ CD4+ T cells decreased in both groups between 

day 8 and day 18 in BAL fluid and lung tissue (Figure 5-16a,b). The total abundance of IL-

10+ CD4+ T cells also decreased in both groups from day 8 to day 18 in BAL fluid, and in 

αIL-6R-treated mice in lung tissue. The frequency and abundance of IL-10+ CD8+ T cells 

decreased significantly between day 8 and day 18 in αIL-6R-treated mice in both BAL 

fluid and lung tissue (Figure 5-16c,d). There was a small trend towards higher frequency 

and abundance of IL-10+ CD8+ T cells in αIL-6R-treated mice at day 8 post-infection in 

BAL fluid and lung cells. 

When analysed separately, in one of the day 8 experiments (Experiment 2, no differential 

weight loss), a significantly higher proportion of BAL CD8+ T cells from αIL-6R-treated 

mice were IL-10+ and a significantly lower proportion of the same cells were IFNγ+ (not 

shown). This almost reached statistical significance when expressed as total cell num-

bers. BAL CD4+ cells from αIL-6R-treated mice were also more frequently IL-10+ in this 
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experiment. This trend towards CD8+ T cells in the BAL fluid of αIL-6R-treated mice pro-

ducing less IFNγ and more IL-10 could be a sign of a less inflammatory response when 

blocking IL-6 signalling. However, in the experiment in which these differences were 

most pronounced, these differences did not translate into differences in weight loss. 

5.3.9. Blocking IL-6R does not affect RSV IgG or IgA response in the elderly

IL-6 is a key cytokine for the generation of a germinal centre response. This then leads 

to the production of high-affinity immunoglobulins. Blocking IL-6 signalling may lead to 

lower levels of RSV-specific antibodies. RSV-specific IgG was measured in serum and 

RSV-specific IgA was measured in the BAL fluid of elderly mice treated with either αIL-6R 

antibody or isotype antibody after 18 days of RSV infection. RSV-specific serum IgG and 

BAL IgA levels were not different between isotype and αIL-6R-treated mice (Figure 5-17). 

There was a non-significant trend towards higher levels of RSV-specific IgA in the BAL 

fluid of αIL-6R-treated mice, but the spread of the data was very broad. 

To summarise at this point, IL-6R blockade did not appear to strongly impact the immune 

response to RSV. Weight loss from RSV infection was very variable, and RSV viral load 

was not different between isotype- and αIL-6R-treated groups. There was a small signif-

Figure 5-17 RSV-specific antibody response during IL-6R blockade

a. RSV-specific IgG titres in serum of elderly mice 18 days after RSV infection treated with either anti-IL-6R  
antibody or isotype antibody were calculated from dilution curves. Pooled from two independent experi-
ments, n=1-5 b. RSV-specific IgA in BAL fluid of elderly mice 18 days after RSV infection treated with either 
anti-IL-6R antibody or isotype antibody. BAL fluid was coated neat and the OD was read at 450 nm. 
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icant increase in lymph node cell count when blocking IL-6R, but only few differences 

in the types of immune cells found. There was a small non-significant trend towards a 

lower RSV-tetramer CD4+ and Tfh response in αIL-6R-treated mice. αIL-6R-treated mice 

also tended to have more CD8+ T cells in their lungs at the peak of infection. In the lungs 

and the BAL fluid of αIL-6R-treated mice, there was a slight trend towards CD8+ T cells 

producing less IFNγ and more IL-10. 

5.3.10. Skeletal muscle mass during IL-6R blockade in RSV infection of elderly 
mice

TA muscle was extracted from euthanised mice and weighed. At the peak of infection 

at day 8, TA weight was not different between isotype- and αIL-6R-treated mice (Figure 

5-18a). Interestingly, TA weight was not different between the two groups in Experiment 

1 either, despite differences in the pattern of weight loss (not shown). This suggests that 

bodyweight lost likely includes loss of body components other than muscle, such as fat 

and water. TA weight increased significantly in αIL-6R-treated mice from day 8 to day 

18, and at day 18, αIL-6R-treated mice had significantly heavier TA muscles than iso-

type-treated mice. The TA atrophy index, normalising TA weight to the overall size of an 

individual mice using tibia length, decreased significantly from day 8 to day 18 in both 

Figure 5-18  Gross and relative skeletal muscle mass during IL-6R blockade

a. Tibialis anterior (TA) muscle weight of elderly mice treated with either isotype control antibody or α-IL-
6R antibody 8 or 18 days after RSV infection (average of both legs per mouse). b. TA atrophy index. Pooled 
from two independent experiments at n=4-10. Student’s unpaired two-tailed t test. Two-way ANOVA with 
Bonferroni’s multiple comparison test.
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groups, but was not significantly different between the groups at either time point (Figure 

5-18b). 

5.3.11. Expression of positive and negative regulators of muscle during IL-6R 
blockade

Muscle wasting was interrogated on a molecular level by qPCR. Figure 5-19 shows the 

expression of genes promoting muscle wasting in TA muscle of elderly mice infected 

with RSV and treated with either isotype or αIL-6R antibody. Expression of the target 

Figure 5-19  Expression of negative regulators of muscle mass during IL-6R infection

qPCR assays of gene expression in the TA muscle of elderly mice treated with either anti-IL-6R antibody 
or isotype antibody before RSV infection, 8 days post-infection, and 18 days post-infection. Pooled from 4 
independent experiments at n=4-10 each. Two-way ANOVA with Bonferroni’s multiple comparison test.  a. 
Fbxo32 encoding Atrogin-1 b. Trim63 encoding MuRF-1. c. Mstn encoding Myostatin. 
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gene was normalised to expression of GAPDH. 

The expression of Fbox32 (encoding Atrogin-1) followed a similar pattern in both anti-

body-treated groups (Figure 5-19a). There was a non-significant trend towards an in-

crease in Fbxo32 expression from day 0 to day 8 of infection, followed by a significant 

decrease from day 8 to day 18 in both groups. There was no significant difference in 

Fbox32 expression between isotype and αIL-6R-treated mice at any timepoint. 

There was a similar trend in Trim63 (MuRF-1) of an increase from day 0 to day 8, and a 

decrease from day 8 to day 18 (Figure 5-19b). This only reached statistical significance 
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Figure 5-20  Expression of positive regulators of muscle mass during IL-6R infection

qPCR assays of gene expression in the TA muscle of elderly mice treated with either anti-IL-6R antibody 
or isotype antibody before RSV infection, 8 days post-infection, and 18 days post-infection. Pooled from 4 
independent experiments at n=4-10 each. Two-way ANOVA with Bonferroni’s multiple comparison test. a. 
Myog encoding Myogenin. b. Pax7 encoding Pax7. c. Myod1 encoding MyoD1. d. Mef2c encoding Mef2c. 
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in the αIL-6R-treated group for the decrease from day 8 to day 18. There was no signif-

icant difference in Trim63 expression between isotype and αIL-6R-treated mice at any 

timepoint.

The expression of Mstn (myostatin) in TA was very low overall (Figure 5-19c). Expression 

did not change significantly over the course of infection in either group. There was no 

significant difference in Mstn expression between isotype and αIL-6R-treated mice at 

any timepoint.

These results suggested an upregulation of atrophy-promoting genes in the TA of elder-

ly mice during RSV infection in general, consistent with the results of Chapter 3, but no 

effect of blocking IL-6R signalling. 

Figure 5-20 shows the expression of a number of growth-promoting genes in TA mus-

cle of elderly mice infected with RSV and treated with either isotype or αIL-6R antibody. 

The expression of Myog (Myogenin) was elevated in αIL-6R-treated mice at baseline, 

although this did not quite reach statistical significance (Figure 5-20a). The expression 

of Myog decreased significantly in both antibody-treated groups from day 8 to day 18, 

and remained significantly lower at day 18 than at baseline in the αIL-6R-treated group. 

The expression of Pax7 in TA was very low overall (Figure 5-20b). There was a non-sig-

nificant trend towards an increase in Pax7 expression from day 0 to day 8 of infection in 

both groups. Expression did not change significantly over the course of infection in ei-

ther group. There was no significant difference in Pax7 expression between isotype and 

αIL-6R-treated mice at any timepoint. 

There was a non-significant trend towards an increase in MyoD1 expression from day 

0 to day 8 of infection in both groups, although data was highly variable (Figure 5-20c). 

There was no significant difference in MyoD1 expression between isotype and αIL-6R-

treated mice at any timepoint. The high level of variability in the data may indicate a 

technical issue. 

The expression of Mef2c in TA muscle did not change significantly with either timepoint 
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of infection or antibody treatment (Figure 5-20d). 

5.3.12. Protein synthesis during IL-6R blockade

Protein synthesis in TA muscle was measured using the puromycin incorporation assay 

developed previously. There was no difference in puromycin incorporation between iso-

type and αIL-6R-treated groups at baseline, although there was a small non-significant 

trend towards higher incorporation in the αIL-6R-treated mice (Figure 5-21). Puromycin 

incorporation decreased significantly in αIL-6R-treated mice from baseline to day 8 of 

infection, but increased again from day 8 to day 18, to levels that were not significantly 

different to baseline. The puromycin incorporation in the TA muscles of isotype-treated 

mice increased significantly from day 8 to day 18. There was no significant difference in 

the puromycin incorporation into TA muscle between the two antibody-treated groups 

at any time point. 

5.3.13. Muscle fibre size during IL-6R blockade

Results from raw TA muscle weight, expression of muscle-regulating genes, and puro-

mycin incorporation indicated that IL-6R blockade did not have an effect on the muscle 

Figure 5-21  Puromycin incorporation during IL-6R blockade

Incorporation of puromycin into TA muscle of elderly mice treated with either α-IL-6R antibody or isotype 
antibody; 8 days or 18 days after RSV infection. Pooled from 2 independent experiments at each time point 
at n=2-5. Two-way ANOVA with Bonferroni’s multiple comparison test.
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Figure 5-22  Muscle fibre size of elderly mice infected with RSV during IL-6R blockade

TA muscle fibre minimum Feret’s diameter measurement in elderly mice 8 days (a.+b.) or 18 days (c.+d.) 
after RSV infection, treated with either α-IL-6R antibody or isotype antibody. a.-d. Cumulative frequen-
cy histogram of TA muscle fibre minimum Feret’s diameter in four independent experiments. e. Average 
minimum Feret’s diameter of TA muscle fibres in elderly mice 8 or 18 days after RSV infection treated with 
either α-IL-6R antibody or isotype antibody. Pooled from 4 independent experiments at n=2-5. Two-way 
ANOVA with Bonferroni’s multiple comparison test.
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of elderly mice during RSV infection. This was confirmed by measuring the minimum 

Feret’s diameter of TA muscle fibres in elderly RSV-infected mice treated with either iso-

type or αIL-6R antibody. Mice treated with αIL-6R antibody did not exhibit a change in size 

of TA muscle fibres compared to mice treated with isotype antibody in any experiment or 

at any point of RSV infection (Figure 5-22). The distribution of fibre sizes was slightly dif-

ferent in Experiment 4 (Figure 5-22d). The fibre sizes of mice treated with αIL-6R antibody 

exhibited a narrower spread, i.e. smaller standard deviation, than those of isotype-treated 

mice. However, this was not statistically significant, and may be due to the fact that there 

were only two mice in the isotype-treated group. The TA muscle fibre size interestingly 

did not differ even in experiments where the two groups exhibited significantly different 

weight loss (Experiments 1, 3, 4). Isotype-treated mice in Experiment 1 exhibited lower 

weight loss but unchanged TA weight compared to αIL-6R-treated mice, which may help 

to explain why their muscle fibre size was unchanged (Figure 5-22a). But in Experiments 

3 and 4, αIL-6R-treated mice lost significantly less weight than isotype-treated mice, and 

also had significantly heavier TA muscles. In spite of this, muscle fibre size in these ex-

periments was not significantly different between the two antibody-treated groups (Fig-

ure 5-22c,d). In fact, there was a slight trend towards αIL-6R-treated mice having smaller 

muscle fibres at day 18. This suggests that TA muscle weight is not always driven by an 

increase in size of the individual muscle fibre. 

5.4. Discussion

This chapter has explored the role of IL-6 signalling in the elderly mouse model of RSV 

infection using an IL-6 receptor-blocking antibody. Time course experiments comparing 

young and elderly mice showed that elderly mice strongly upregulated the production of 

IL-6 in their airways at the peak of RSV infection (See Chapter 3). IL-6 is a multifunctional 

cytokine that has been implicated in various contexts relevant to the elderly mouse mod-

el of RSV infection, including predicting morbidity and mortality with age (Puzianows-

ka-Kuźnicka et al., 2016) but also protection from pathological inflammation during RSV 

infection (Pyle et al., 2017), promotion of or protection from muscle wasting depending 
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on the context (Serrano et al., 2008; Muñoz-Cánoves et al., 2013), and promotion of the 

germinal centre response (Kopf et al., 1994; Ramsay et al., 1994). Based on this, it was 

hypothesised that blocking IL-6 signalling may improve the outcome of RSV infection in 

elderly mice by removing excess inflammation. However, due to the pleiotropic nature of 

IL-6, effects on the muscle and on the germinal centre response were also expected. El-

derly mice were treated with αIL-6R antibody or isotype control antibody one day before 

RSV infection and every five days. 

5.4.1. IL-6 blockade may not affect weight loss in elderly mice with RSV

Throughout multiple experiments, IL-6R blockade did not have a clear effect on RSV in-

fection-induced weight loss. In one experiment, αIL-6R-treated mice lost more weight 

than isotype-treated mice, in another, there was no difference in weight loss, and in two 

experiments, αIL-6R-treated mice lost less weight than isotype-treated mice. The cause 

for this disparity is unknown. As found previously, elderly mice were highly variable, both 

in their response to RSV infection, and also when followed in the absence of infection 

during an experiment testing the effect of the αIL-6R antibody at steady state. The var-

iability in the weight curves could be due in part to cage effects such as differences in 

microbiota and grooming hierarchies that might affect the access of individual mice to 

food and water. To reduce the strength of cage effects, mice were reallocated between 

cages prior to an experiment commencing. Mice were reallocated on the basis of weight 

to achieve a similar average starting weight across cages. 

Due to the variations in weight loss caused, the effect of IL-6R blockade on other aspects 

of the model was difficult to discern. Some outputs were clear corollaries of weight loss. 

For example, there was no significant difference in TA weight at day 8 after infection, 

probably because the experiments concluded at this time point exhibited little difference 

in weight loss between isotype and αIL-6R-treated mice. However, both experiments that 

concluded at day 18 showed decreased weight loss of the αIL-6R-treated mice, which 

may help to explain their significantly heavier TA muscles compared to isotype-treat-

ed mice that lost more weight. The amount of food and water consumed also close-
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ly tracked with weight loss, which implies that the weight loss during RSV infection is 

caused mostly by anorexia (loss of appetite). To summarise, some differences observed 

between isotype and αIL-6R-treated groups in these experiments may not be specific to 

antibody treatment, but caused simply by the variable levels of weight loss. 

5.4.2. IL-6R blockade may not influence inflammation during RSV infection of 
elderly mice

Contrary to the hypothesis that removing excess IL-6 from elderly mice would improve 

their markers of inflammation during RSV infection, there were very few differences in in-

flammation and immune cell populations between the isotype and αIL-6R-treated groups 

of mice.  Viral load, and IL-6, GDF-15, or total protein in BAL fluid were not significantly 

different between isotype and αIL-6R-treated mice either at day 8 or at day 18. They also 

did not display changed levels of cellular infiltration in either BAL fluid, spleen or lung 

tissue. There were significantly more cells in the lymph nodes of αIL-6R-treated mice 

compared to isotype-treated mice at day 8. However, this was primarily due to the single 

experiment at day 8 in which αIL-6R-treated mice lost more weight than isotype-treated 

mice, so this increase in cellular infiltration was probably driven by stronger inflammation 

in this one particular experiment. 

There were very few differences in the frequency and total abundance of various im-

mune cell subsets, including T cells, B cells, CD8+ T cells, CD4+ T cells, and RSV-specific 

CD4+ T cells, between mice treated with αIL-6R antibody and mice treated with isotype 

antibody. The frequency of Tfh cells at day 18 was lower in the lymph nodes of αIL-6R-

treated mice compared to isotype-treated mice, but the total abundance was not signif-

icantly different. The reduction in the proportion of Tfh cells in the αIL-6R-treated mice 

may imply that Tfh differentiation was impaired due to the lack of IL-6 signalling, which is 

consistent with knowledge that IL-6 is a key driver of the Tfh fate in CD4+ T cells (Nurieva 

et al., 2008, 2009). 

CD8+ T cells were more frequent in the lungs of αIL-6R-treated mice, but IFNγ+ CD8+ T 

cells were less frequent in the BAL fluid of αIL-6R-treated mice at day 8. However, none 
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of these differences translated into significant differences in the total number of these 

cell populations between the two antibody-treated groups. Curiously, in Experiment 2, 

there were differences in the ability of BAL fluid CD8+ T cells to produce IFNγ and IL-10. 

The BAL fluid CD8+ T cells derived from αIL-6R-treated mice produced proportionately 

less IFNγ and more IL-10 (not shown). This almost reached statistical significance when 

expressed as total cell abundance. This was notable due to the lack of a difference in 

weight loss induced by RSV, meaning this was likely an effect that was independent of 

inflammation induced by higher weight loss. This implies that IL-6 is required to pro-

mote an inflammatory profile in elderly CD8+ T cells recruited to the BAL fluid. This con-

trasts with the known ability of IL-6 to promote IL10 production (Stumhofer et al., 2007; 

McGeachy et al., 2007). Pyle et al. observed the opposite effect in young BALB/c mice 

with RSV infection. IL10 production was reduced with αIL-6R treatment whereas IFNγ 

production by CD4+ T cells was increased. This may suggest that IL-6 plays a fundamen-

tally different role during RSV infection in young vs aged mice (pro-inflammatory in the 

elderly vs anti-inflammatory in the young). However, it is important to bear in mind that 

this phenotype was only observed in one experiment, which had very different patterns 

of RSV-induced weight loss compared to the other experiments. 

The amounts of RSV-specific IgG and IgA antibodies produced did not differ between 

isotype and αIL-6R-treated mice, despite the literature suggesting that IL-6 is crucial for 

promoting antibody responses (Kopf et al., 1994; Ramsay et al., 1994). This may suggest 

that IL-6 signalling blockade was not complete in this study, since the ability to produce 

antibodies was no different in mice treated with αIL-6R antibody. 

5.4.3. IL-6R blockade may not influence muscle wasting of elderly mice during 
RSV infection

Muscle wasting was assessed in elderly mice infected with RSV and treated with either 

αIL-6R antibody or isotype control antibody. Raw TA weight or the TA atrophy index was 

not significantly different between groups at day 8, which was likely related to the fact 

that there was no significantly different weight loss in the experiments concluded at this 
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time point. On the other hand, both experiments that concluded at day 18 showed re-

duced weight loss of the αIL-6R-treated mice, and had significantly heavier TA muscles 

than isotype-treated mice. In this context, it is probable that muscle weight was driven 

primarily by RSV-induced weight loss rather than the effect of the antibody treatment. 

The expression of genes related to the control of muscle mass, either positive or nega-

tive, was not significantly different between αIL-6R and isotype-treated mice at any time 

point. 

Radigan et al. (2019) carried out a similar study, studying the effect of IL-6 signalling on 

muscle wasting of mice after IAV infection. Radigan et al. claim that IL-6 signalling con-

tributes to infection-induced skeletal muscle wasting via the upregulation of Atrogin-1. 

Treatment with tocilizumab, an αIL-6R antibody, improved grip strength and decreased 

Atrogin-1 expression in mice infected with IAV, but did not affect weight loss or EDL or 

soleus muscle weight or fibre size. IL-6 treatment of myotubes promoted a decrease in 

myotube diameter which was dependent on the upregulation of STAT3, FoxO3a, and 

Atrogin-1. This implies that part of respiratory infection-induced skeletal muscle wasting 

is due to systemic IL-6 signalling upregulating Atrogin-1. 

Some of these results were mirrored in the present study. For example, overall, this study 

also did not find changed weight loss or changed muscle weight or fibre size with αIL-6R 

antibody treatment at the peak of infection. However, in the present study, αIL-6R anti-

body treatment did not affect the expression of Atrogin-1 in TA muscle. This could be due 

to the fact that expression was measured in a different muscle (TA as opposed to EDL 

or soleus in Radigan et al.). Grip strength was not measured in this study but this output 

would be a simple addition to the protocol to additionally measure the muscle function 

of mice in this model. Unlike this study, Radigan et al. did not assess the effects of IL-6R 

blockade on the rest of the immune response to IAV, or the effects in elderly mice, so only 

limited comparisons can be made. 

5.4.4. Limitations and Future Work

A major limitation of the work presented in this chapter is the inconsistent phenotype 
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in RSV-induced weight loss after IL-6R blockade. Considering the inconsistent effects 

of blocking IL-6 signalling in this model, it is possible that the antibody treatment given 

did not prevent all IL-6 signalling. BAL fluid IL-6 protein levels were not different between 

the two treatment groups, however this is not necessarily indicative of the antibody not 

working. These experiments used the exact antibodies and dosing schedule used suc-

cessfully by Pyle et al. (2017) in young mice. It is possible that using an IL-6R-blocking 

antibody produced different results than what might have been found using an antibody 

against IL-6 directly. Pyle et al. also successfully employed an IL-6-blocking antibody, 

which in their studies did not behave differently to the IL-6R-blocking antibody (James 

Harker, pers. comm. 2019). An IL-6-blocking antibody was not used in these experiments 

for cost and animal welfare reasons. The αIL-6 antibody has a shorter half-life and must 

be administered daily compared to every 5 days for the αIL-6R antibody. Apart from high-

er expenses, this would also have caused additional stress for the animals, which was to 

be avoided. 

Pyle et al. found that in young mice, blocking IL-6 resulted in increased weight loss from 

RSV. Their findings suggested that IL-6 signalling early during infection stimulates mac-

rophages to secrete IL27, which is crucial to induce T regulatory cells (Tregs), thus pre-

venting immunopathology. This effect was not detected in elderly mice in this study. Treg 

detection was attempted by staining for Foxp3 in flow cytometry assays. However, tech-

nical issues precluded the reliable quantification of Tregs in these experiments. Future 

studies should urgently address this. 

One crucial difference between this study and Pyle et al.’s experiments was that they 

used the BALB/c strain of mice while this study used the C57BL/6 strain. There are 

known differences between mouse strains in their susceptibility and response to RSV 

infection, for example, BALB/c mice are known to be more susceptible to RSV infection 

than C57BL/6 mice and exhibit a type-2-skewed response (Stark et al., 2002). C57BL/6 

mice were chosen for this study because of concerns that elderly BALB/c mice, addi-

tionally susceptible to RSV infection due to their age, may meet their humane endpoint 
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too early for the planned experiments to be conducted. It is possible that repeating this 

study with aged BALB/c mice may yield data more consistent with Pyle et al., however it 

is also conceivable that elderly mice respond fundamentally differently to RSV and IL-6 

blockade, irrespective of strain. 

It is imperative for future studies to identify the source of variability in this model of IL-6R 

blockade to be able to discern the role of IL-6 signalling blockade in the elderly in RSV 

infection. Repeating the experiments in elderly mice with an anti-IL-6 antibody may show 

a if there was a problem with the anti-IL-6R antibody, and experiments in young C57BL/6 

mice could determine if differences compared to Pyle et al. were due to mouse strain. 

5.4.5. Summary

IL-6 is strongly upregulated in RSV-infected elderly mice. IL-6 has well-known roles in 

inflammation, muscle regulation, and the germinal centre response. On this basis, it was 

hypothesised that IL-6R blockade in elderly RSV-infected mice would have a noticeable 

effect in at least one of these aspects. If any, effects were obscured by high variability in 

RSV-induced weight loss in elderly mice. It is also possible that the multiple roles of IL-6 

cancelled out each other’s effects to various degrees in different experiments, leading 

to a variable phenotype. Future studies should urgently address the source of variability 

in order to determine with higher reliability the role of IL-6 signalling in the elderly during 

RSV infection. 
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Introduction

Chapter 6. Discussion

6.1. Introduction

The population of the world is ageing rapidly, increasing the incidence of age-associated 

diseases. Infection with respiratory viruses is a major cause of morbidity and mortality in 

the elderly population. Respiratory Syncytial Virus (RSV) is emerging as a prevalent cause 

of severe illness in the elderly, which is all the more salient because of a lack of vaccines 

and treatments, and the ability of the virus to re-infect throughout life (Troeger et al., 2017; 

Shi et al., 2019). Muscle weakness is a common outcome of respiratory infections in the 

elderly, and predisposes to a downward spiral of decreased activity, and higher risk of 

frailty and mortality (Spruit et al., 2003; Swallow et al., 2007; Vilaró et al., 2010; Landi et al., 

2013). How RSV infection affects muscle wasting in the elderly is not known. In this study, 

muscle wasting and the immune response were investigated in an aged mouse model of 

RSV infection. The aim of the study was to determine if and to what extent RSV infection 

caused muscle wasting in elderly mice, and whether this could be prevented. Severe 

RSV disease disproportionately affects elderly people, partially due to impaired innate 

responses, but also due to impaired antibody responses (Falsey & Walsh, 1998; Walsh, 

Peterson & Falsey, 2004). Antibody is to some extent protective against future RSV infec-

tion. Therefore, this study also investigated the antibody response of aged mice to RSV 

infection. There is an urgent need to understand how ageing interacts with commonly 

occurring conditions like respiratory infections and muscle wasting.

6.2. An elderly mouse model of RSV infection

6.2.1. Key findings

6.2.1.1. Elderly mice develop more severe RSV disease

This study has developed a mouse model of RSV infection in the elderly for additionally 

evaluating the degree and type of muscle wasting. Young (10-12 weeks old) and Elderly 

(18 months old) mice were infected with the same dose of RSV A2 and followed over the 

course of the infection. The two primary time points observed were 8 days post-infection 
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(dpi) and 18 dpi, which represent the peak of weight loss and the recovery phase, respec-

tively. Elderly mice developed more severe disease than young mice. Elderly mice dis-

played enhanced weight loss, viral load, lung and airway infiltration of lymphocytes, and 

higher serum markers of inflammation. This is consistent with previous models utilising 

elderly mice in RSV infection models (Graham et al., 1988; Zhang et al., 2002b; Fulton et 

al., 2013; Wong et al., 2014). There were minor differences in the extent of inflammation 

caused in elderly mice, compared to some of the existing literature, which may be attrib-

utable to different mouse and virus strains used. 

6.2.2. Key methods 

Other studies have already used elderly mice in RSV infection models (Graham et al., 

1988; Zhang et al., 2002b; Fulton et al., 2013; Wong et al., 2014), but this study has char-

acterised the immune response, including the germinal centre response, in more depth, 

and for the first time, describes the skeletal muscle response of elderly mice to RSV 

infection.

In infectious disease research, it is crucial to consider the effect of infection on the entire 

organism, something that can only be done in in vivo models like the mouse. Many stud-

ies still focus only on the site of infection, such as the lung in the case of respiratory viral 

infection. However, local infection can have systemic effects, particularly in organisms 

that are already systemically dysregulated as is the case with progressive ageing. The 

aged mouse model presented here is an appropriate model to study the systemic impact 

of ageing when exposed to stressors such as infection. 

6.2.3. Limitations 

6.2.3.1. High variability in elderly mice 

A key feature of the elderly mice in this model was a high individual variability in almost 

all outputs, compared to young mice. This is likely due to the accumulation of small differ-

ences over the total lifetime of the mice. There were also noticeable cage effects within 

the elderly mice. These may be due to grooming hierarchies or differences in microbi-

ota. The microbiota is known to have a strong effect on the germinal centre response 
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(Stebegg et al., 2019). Precautions were taken to keep elderly mice as comparable as 

possible, for example, mice were of the same strain, gender, and purchased from the 

same supplier. Mice were also re-distributed between cages to achieve a similar average 

starting weight for the GDF-15 and IL-6R antibody intervention experiments. In future 

studies, the high individual variability of elderly mice must be an important consideration. 

Power calculations should be carried out to ensure that biologically relevant effects can 

be reliably detected. 

6.2.3.2. Mouse models in ageing and RSV research 

The mouse (Mus musculus) is a widely-used model animal in biological and medical 

research. Mice are easy to handle, cheap to maintain, and as mammals bear higher re-

semblance to humans than fish or insect models. Their lifespan of approximately two 

years is longer than some animals models of ageing, such as the African kilifish, but 

short enough to observe and study ageing in a cost-effective manner. Since the ageing 

process is highly conserved, using mice as an animal model for ageing research is likely 

appropriate in many contexts. 

Early descriptions of mouse models to study RSV already found that older were more 

susceptible to RSV infection and had higher lung virus titres (Graham et al., 1988). Older 

mice manifested enhanced disease with reduced activity, weight loss, and increased 

cellular lung infiltration. This is very similar to how RSV disease manifests in older hu-

mans, making mice an appropriate model for RSV research. However, in some aspects, 

mice are known to react to RSV infection differently to humans. 

For example, RSV infection can induce protective immunity from repeated infection in 

mice, whereas humans experience repeated infection with RSV throughout life, a phe-

nomenon termed “immune amnesia” (Habibi et al., 2015; Openshaw et al., 2017). Mice 

are also usually kept under specific pathogen-free conditions and most RSV research 

describes primary infection. This is clearly not representative of older humans having 

been infected with RSV many times throughout life. These factors are highly relevant to 

considerations about vaccine development for which the elderly are a key target group. 
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The ability to extrapolate from mouse data to humans is limited. Hence clinical studies 

such as INFLAMMAGE are crucial additions to pre-clinical work using mouse models. 

Experimental pathogen challenge in humans yields invaluable information about base-

line predispositions and immune responses at defined times of infection. 

6.2.4. Relevance

As of 15th November 2020, the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV2) pandemic has caused over 53.7 million confirmed cases of Coronavirus infec-

tious disease 2019 (COVID-19) and 1.3 million deaths (World Health Organization, 2020). 

SARS-CoV2 is a novel coronavirus that emerged in the Wuhan region of China in late 

2019. The virus is spread primarily by droplets and infects human airway epithelial cells 

by binding the receptor ACE2 (Hoffmann et al., 2020). Infection can be asymptomatic or 

entail a variety of symptoms, classically fever, dry cough, shortness of breath, and loss 

of the sense of smell or taste (Song et al., 2020). In severe cases, COVID-19 can lead to 

cytokine storm, multiple organ failure and/or respiratory failure, and death. In the United 

Kingdom, 56.3% of deaths from COVID-19 were in the 80+ age group, and those over the 

age of 80 with confirmed COVID-19 diagnosis were 70 times more likely to die than those 

under the age of 40 (Public Health England, 2020). Comorbities such as chronic cardiac 

disease, liver disease, malignancy, and dementia, which are more common in the elderly, 

are associated with higher mortality in hospital-admitted COVID-19 patients (Docherty et 

al., 2020). Older patients are also more likely to require supplemental oxygen or mechan-

ical ventilation when hospitalised (Chen et al., 2020; Wu et al., 2020). The emergence of 

SARS-CoV2 and the particular risks it poses to older people underscore the importance 

of considering age and age-associated conditions in the context of respiratory infec-

tions. Especially reports that antibody-mediated protection against COVID-19 (Ward et 

al., 2020) may wane faster than anticipated warrant a comparison of SARS-CoV2 with 

RSV, since similar immunological mechanisms may underlie the waning of antibodies. 

Just like with RSV, it will be a key consideration to ensure that future vaccines and treat-

ments for COVID-19 are effective in older age groups. 
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6.3. The germinal centre response of elderly mice to RSV infection

6.3.1. Key findings

6.3.1.1. Elderly mice produce less RSV-specific IgG but GC B cells and RSV-
specific Tfh cells are not impaired in frequency or number

The germinal centre (GC) response is crucial to generating high-affinity antibodies. Since 

there is some evidence that serum antibodies to RSV can be protective in humans, char-

acterising the differences in antibody response to RSV with age is important, particular-

ly considering the aim of achieving high IgG levels in vaccine development (Hall et al., 

1991). The germinal centre response to RSV in elderly mice has not been investigated 

in detail. Elderly mice produced a lower RSV-specific IgG titre compared to young mice, 

which may have contributed to their enhanced RSV disease. This contrasts with obser-

vations that older humans tend to generate equally strong serum antibody responses 

to RSV infection compared to adults (Agius et al., 1990; Walsh & Falsey, 2004). These 

differences may be due to the fact that this infection was a primary infection in the mice 

whereas an elderly human will have been infected with RSV many times throughout life, 

so generating an additional memory response. 

There were no differences in B or GC B cell (marked by GL7+) frequency or abundance 

between young and elderly mice. The frequency and total number of Tfh cells, special-

ised CXCR5+ PD1+ CD4+ T cells that mediate GC B cell interactions, was strongly ele-

vated in the secondary lymphoid tissues and the lungs of elderly mice. The number of 

RSV-specific Tfh cells was not different between young and elderly mice. These results 

suggest that elderly mice do not have a defect in the proliferation or recruitment of B 

cells or RSV-specific Tfh cells. The unexpectedly high abundance of Tfh cells in elderly 

mice may be due to on-going immune responses to commensals or autoantigens, and 

may reflect a latent inflammatory state associated with ageing, termed “inflammageing” 

(Franceschi et al., 2006).

Lefebvre et al.  (2016) carried out a similar study investigating the antibody response to 

influenza A virus (IAV) infection in elderly mice. Despite the different infectious agent, 
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there were striking similarities, including higher viral load, lower IgG serum titres, and 

high Tfh numbers in elderly mice. This suggests universal age-related impairments in 

the antiviral immune response. Lefebvre et al. posit that aged Tfh cells exhibit a less ma-

ture, more regulatory-like phenotype, characterised by reduced CXCR5 and GL7 expres-

sion and enhanced Foxp3 expression. CXCR5 and GL7 expression were not reduced on 

aged RSV-specific Tfh cells in this study, but Foxp3 expression could be characterised 

in future studies. 

6.3.2. Key methods

The methodology developed here to study the germinal centre response of elderly mice 

could be applied to different infectious disease models and could be used for testing 

vaccines for RSV. There is currently no licenced vaccine for RSV. Older humans are more 

susceptible to severe RSV infection, meaning they are an important target group for vac-

cine development. Most pre-clinical research is still conducted in young animal models. 

This is not representative of older people as a main target group, and does not take into 

account that vaccines are often less effective in the elderly. Using a well-characterised 

aged mouse model like the one presented here may be an appropriate model for devel-

opment of treatments and vaccines for age-related conditions. 

6.3.3. Future work

This study focused mostly on the frequency and total number of certain immune cell 

populations. Many immune cell populations were present in equal or higher numbers 

in elderly mice. This may suggest that these populations are not responsible for the ob-

served defect in immunity leading to increased RSV disease in elderly mice. On the other 

hand, pure abundance  does not necessarily reflect the functionality of these cells. 

The production of some cytokines was measured in this study, but others could be eas-

ily studied by expanding and modifying the flow cytometry panels given. Other surface 

markers on cells reflecting maturity or functionality may equally be added to the panels, 

for example to determine ICOS expression on Tfh cells. 
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Lefebvre et al. (2016) suggest that the antibody response in elderly mice is impaired due 

to Tfh cells developing a more “regulatory-like” phenotype. This could be easily inter-

rogated in the short term by addition of Foxp3 and other markers to the flow cytometry 

panels. Foxp3 staining was attempted in this study, but was unsuccessful for unknown 

reasons. Further optimisation may be necessary. 

In the long term, future studies may want to investigate the spatial interactions in the 

germinal centre. Preliminary experiments carried out by Masters students Celia Diaz and 

Lucy Petagine found that the splenic GC microenvironment structure was highly disor-

ganised in elderly mice compared to young mice. This may suggest that Tfh and GC B 

cells do not interact properly to promote antibody production. These spatial interactions 

may be studied using immunohistochemistry with more markers, perhaps even live im-

aging of spleen sections to determine defects in chemotaxis. 

6.4. Skeletal muscle wasting in elderly mice after RSV infection

6.4.1. Key findings

6.4.1.1. Elderly mice display muscle wasting after RSV infection

Muscle wasting is a natural component of ageing but can be exacerbated by inactivity, 

chronic disease, and infectious disease, and promotes frailty and increased risk of mor-

tality. To my knowledge, this is the first study to quantify muscle wasting in response to 

RSV infection and its interaction with age. Elderly mice infected with RSV had significant-

ly decreased TA muscle weight, decreased TA muscle fibre size, increased expression of 

E3 ubiquitin ligases contributing to muscle breakdown, and failed to upregulate protein 

synthesis in the muscle. The expression of IGF-1, a key regulator of muscle growth, and 

Pax7, the marker for muscle stem satellite cells, was downregulated at the peak of RSV 

infection in the muscles of elderly mice compared to young mice. These results together 

suggest that RSV infection induced muscle wasting in elderly mice by both upregulating 

muscle breakdown processes and downregulating muscle growth processes. 

Although muscle wasting in elderly mice in response to RSV infection has not been pre-

viously studied, other studies utilising other models of muscle wasting largely support 
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these findings. Bartley et al. (2016) observed enhanced weight loss, viral load, increased 

expression of E3 ubiquitin ligases, and decreased expression of some muscle growth 

promoting genes in elderly mice infected with IAV. The expression patterns of some 

muscle-associated genes differed slightly between Bartley et al. and this study, but this 

may be due to differences in virus used, muscle assayed, or mouse age and sex.  Gen-

erally, this confirms the findings of this study that respiratory viral infection can promote 

muscle wasting in elderly mice. 

An overview of the potential pathways through which RSV infection may promote mus-

cle wasting in the elderly is shown in Figure 6-1. The key pathways are likely to include 

inactivity, inflammation, and metabolic pathways such as anorexia. These pathways are 

not separate and there is strong interaction between them, for example, high levels of 

inflammation can promote both anorexia and inactivity as parts of sickness behaviour. 

6.4.2. Key methods

The methods developed here interrogate both the net outcome of muscle gain/loss as 

well as the individual factors promoting either muscle growth or muscle atrophy. They 

utilise common laboratory methods (qPCR, ELISA, immunohistochemistry) that are rela-

tively cheap and easily adaptable for other users. The puromycin incorporation assay has 

been adapted to measure rates of protein synthesis in muscle homogenate from young 

and elderly mice. This yields valuable information on the ability of the muscle to grow 

and repair, and could be further developed to interrogate other aspects, for example flu-

orescent tagging of puromycin could be used to measure protein synthesis in different 

muscle fibre types or to determine rates of protein synthesis in different immune cell 

populations. The macro developed to automatically measure muscle fibre size in section 

images saves labour and time, and is flexible to adaptation by modifying the code. 

6.4.3. Limitations 

6.4.3.1. The respective contributions of anorexia, inactivity, and inflammation 
to muscle wasting

The muscle wasting observed in elderly mice after RSV infection in this study was likely 
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contributed to by a number of factors, including anorexia, inactivity, and potentially the 

direct effect of inflammatory cytokines. It is difficult to determine the exact relative con-

tributions of these factors to the muscle wasting observed. It is unclear to what extent 

elderly mice would experience the same phenotype of muscle wasting when immobi-

lised, for example by hindlimb unloading, compared to the effects induced by RSV in-

fection in this study. Decreased activity and anorexia are characteristic components of 

sickness behaviour, which are also evident in humans with severe respiratory infections. 

This study therefore did not aim to discern the exact contributions of inactivity or anorex-

ia to muscle wasting observed after RSV infection. 

6.4.4. Future work

6.4.4.1. Measuring muscle strength and function

Muscle mass is not equivalent to muscle strength or function. It is well known that in 

humans, the relationship between muscle mass and strength is not linear. With age, 

strength declines quicker than mass (Goodpaster et al., 2006). This reduced quality of 

muscle observed over age is probably attributable to the loss of fast twitch type II fibres, 

reduced mitochondrial mass and increased intramuscular fat (Narici & Maffulli, 2010).

Future studies could expand the model presented here with simple measures of mus-

cle strength. In the short term, mice in this model could be tested fairly easily with a 

grip strength meter (commercially available) or by a wire hang test (Wilson et al., 2017). 

More specialised measures of activity and muscle stability could be measuring gait and 

locomotion using beam breaks and specialised treadmills as employed by Bartley et al. 

(2016). 

A drawback of the outputs used in this study was that most measures of muscle were 

not longitudinal and required euthanasia. This increases the noise-to-signal ratio due to 

inter-mouse variability. In the longer term, studies like this could be repeated with longi-

tudinal measurements of muscle mass using for example repeated MRI, NMR, or DEXA 

scanning methods. 

6.5. The role of GDF-15 in RSV infection of elderly mice
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6.5.1. Key findings

GDF-15 is a TGF-β superfamily cytokine which increases with age and is associated with 

poor prognosis in a number of medical conditions, including diabetes, cancer, COPD, 

and cardiovascular disease (Carstensen et al., 2010; Cotter et al., 2015; Bloch et al., 2015). 

Four groups recently identified GFRAL as the receptor for GDF-15. GFRAL expression is 

highly restricted to a cluster of neurons in the brain stem, leading to the hypothesis that 

GDF-15 exerts its effects by promoting anorexia during periods of systemic stress (Mul-

lican et al., 2017; Hsu et al., 2017; Yang et al., 2017; Emmerson et al., 2017). Elderly mice 

exhibited elevated serum levels of GDF-15 at all time points, and increased expression of 

GDF-15 in lung tissue and increased levels of GDF-15 in the BAL fluid when infected with 

RSV. GDF-15 signalling was blocked in elderly mice using a monoclonal antibody. The 

hypothesis was that GDF-15 blockade may alleviate RSV-induced anorexia and weight 

loss in elderly mice. 

Contrary to expectations, GDF-15 blockade did not affect RSV-induced anorexia, weight 

loss or inflammation, but led to enhanced muscle wasting in elderly mice compared to 

treatment with an isotype control antibody. Anti-GDF-15-treated mice had a significantly 

lower TA atrophy index, increased expression of the atrophy-promoting E3 ligase Atro-

gin-1, and a trend towards decreased TA muscle fibre size. These results may appear 

counterintuitive in the face of a large volume of literature associating high GDF-15 with 

worse disease. However, the results are cast into an interesting light by a recent study 

by Luan et al. (2019). Luan et al. found that GDF-15 blockade did not affect inflammation 

or viral load during lethal IAV challenge of mice, but did enhance mortality by a mecha-

nism of reduced hepatic secretion of cardioprotective triglycerides. The authors hypoth-

esise that GDF-15 is a systemic regulator of stress. It is conceivable that the blockade of 

GDF-15 in elderly RSV-infected mice led to decreased circulating triglycerides. In mice, 

medium-chain triglycerides have been associated with increased mitochondrial biogen-

esis, activation of Akt, and suppression of TGF-β signalling, suggesting that triglycer-

ides could contribute to muscle growth (Wang et al., 2018b). Dietary supplementation 
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with medium-chain triglycerides improved body weight and muscle strength in nursing 

home residents (Abe, Ezaki & Suzuki, 2016). This hypothesis may explain how GDF-15 

blockade led to muscle wasting in RSV-infected elderly mice. Future studies may want 

to investigate this. 

Samples were available from the INFLAMMAGE study in which young and older human 

volunteers are challenged with RSV. Similarly to the findings in the mouse model, plasma 

GDF-15 levels were elevated in older participants, but not affected by RSV infection. Not 

enough BAL fluid samples were available at the time to determine GDF-15 production in 

the airways of human volunteers. There was no detectable correlation between baseline 

GDF-15 and peak viral load or cumulative symptom score. 

6.5.2. Future work

6.5.2.1. Therapeutic applications of GDF-15 signalling modification

The GDF-15 blocking experiments unexpectedly yielded the result of a potentially mus-

cle protective effect of GDF-15. This presents an opportunity for future studies to eval-

uate the role of GDF-15 in muscle wasting. The discovery of GFRAL, the receptor for 

GDF-15, in the area of the brain stem responsible for promoting anorexia suggested that 

GDF-15 exerts its effects primarily by appetite regulation. However, in the present study, 

GDF-15 blockade did not affect food or water intake of elderly mice during RSV infection, 

suggesting the existence of an anorexia-independent signalling mechanism. 

Luan et al. (2019) propose that GDF-15 is a systemic stress regulator that induces the se-

cretion of cardioprotective triglycerides from the liver. It is conceivable that triglycerides 

are also protective of muscle mass since they can be used as fuel, particularly during an 

otherwise food-restricted period such as anorectic RSV-infected elderly mice. 

In the short term, this hypothesis could be tested by measuring triglycerides in archived  

serum samples from elderly mice treated with anti-GDF-15 antibody. This could take 

the form a simple kit test or more comprehensive lipidomic/metabolomic studies. The 

connection of GDF-15 to cardiac muscle could also be further investigated since hearts 
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were collected from the mice in this experiment. For example, the extent of cardiac dam-

age could be assayed by measuring troponin levels in the serum. 

In the long term, the exact mechanism behind GDF-15 signalling on the muscle should 

be elucidated. This may take the form of screens for interaction partners, particularly 

miRNAs, as Bloch et al. (2015) suggest that GDF-15 may promote certain muscle regula-

tory miRNAs (Bloch et al., 2015). Since it takes prohibitively long to let genetically modi-

fied mice age for use as elderly mice, other techniques may be necessary, such as CRIS-

PR-Cas9, or the use of progeroid animal models. 

This study only evaluated the GDF-15 levels in a very small number of samples from a hu-

man RSV challenge cohort, INFLAMMAGE. As the cohort progresses and more samples 

become available, this would be an excellent extension and confirmation of the mouse 

model to determine the role of GDF-15 in the predisposition and outcome of RSV infec-

tion. Measures of muscle mass and function may be added to the study, such as grip 

strength or thigh circumference, to additionally investigate the effect of GDF-15 levels on 

muscle in humans during and after RSV challenge. 

6.6. The role of IL-6 in RSV infection of elderly mice

6.6.1. Key findings

IL-6 was strongly upregulated in the BAL fluid of elderly mice infected with RSV. IL-6 has 

well-known roles in inflammation, muscle regulation, and the germinal centre response. 

For example, IL-6 in the elderly is associated with detrimental “inflammageing” (Franc-

eschi et al., 2006) and a higher risk of mortality (Puzianowska-Kuźnicka et al., 2016). IL-6 

is a “myokine” that is secreted in response to exercise to promote muscle growth and 

repair, however chronic IL-6 exposure can contribute to muscle wasting (Serrano et al., 

2008; Muñoz-Cánoves et al., 2013). Finally, IL-6 is a key cytokine for the development of a 

functional germinal centre response via its promotion of Tfh cell and plasma cell differen-

tiation (Hirano et al., 1986; Nurieva et al., 2008, 2009). On this basis, it was hypothesised 

that IL-6 signalling blockade in elderly mice may rescue detrimental inflammation during 
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RSV infection, or prevent the generation of an antibody response, or ameliorate muscle 

wasting. RSV-induced weight loss was highly variable in elderly mice treated with anti-IL-

6R antibody and no distinct phenotype in comparison to isotype-treated mice could be 

established. It is possible that the multiple roles of IL-6 cancelled out each other’s effects 

to various degrees in different experiments. The source of the variability should be iden-

tified in future experiments for example by varying mouse strain, housing conditions, or 

using an anti-IL-6 antibody instead of anti-IL-6R. 

IL-6 signalling has been suggested to be crucial during early stages of RSV infection 

to promote maturation of Treg cells that prevent excessive immunopathology (Pyle et 

al., 2017). This seemingly contradicts with the finding that elderly mice produce large 

amounts of IL-6 in response to RSV infection, but still experience substantial immuno-

pathology. This may suggest that IL-6 plays a fundamentally different role during RSV 

infection with advancing age (pro-inflammatory in the elderly vs anti-inflammatory in 

the young). One study claims that IAV-induced IL-6 signalling causes muscle wasting in 

young mice by upregulation of Atrogin-1 (Radigan et al., 2019). However, this study did 

not observe a noticeable change in Atrogin-1 expression with IL-6R blockade. This may 

be attributable to the highly variable weight loss phenotype in elderly mice. 

6.6.2. Key methods

The intervention studies using anti-GDF-15 and anti-IL-6R monoclonal antibodies 

demonstrate that this model is suitable to conduct mechanistic studies, although the 

inherent higher variability in the elderly mice may necessitate an increased sample size. 

6.7. Summary

Respiratory Syncytial Virus (RSV) is emerging as a common cause of severe respiratory 

infection in the elderly. Muscle weakness occurs naturally with age but can be exacer-

bated by inflammation or bedrest, and predisposes to a downward spiral of decreased 

activity, and higher risk of frailty and mortality. These observations suggest that respira-

tory viral infections are important in promoting frailty in the elderly. Despite its clinical im-
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portance, the relationship between respiratory viral infection and muscle wasting in the 

elderly is not well understood. In this study, muscle wasting and the immune response 

were investigated in an aged mouse model of RSV infection. The study has demonstrat-

ed that elderly mice develop more severe RSV disease and experience muscle wasting. 

The loss of muscle mass was attributable to both an increase in atrophy-promoting pro-

cesses and a decrease in muscle protein synthesis relative to young mice. Elderly mice 

produced lower titres of RSV-specific IgG, but had no defect in the numbers of germinal 

centre B cells or RSV-specific Tfh cells produced in response to the infection. The phar-

macological inhibition of IL-6 signalling did not reliably affect the outcome of RSV infec-

tion or muscle wasting in elderly mice. Unexpectedly, the blockade of GDF-15, a TGF-β 

superfamily cytokine associated with poor prognosis in many diseases, led to enhanced 

muscle wasting in elderly mice infected with RSV, suggesting a metabolic protective ef-

fect of GDF-15 during increased systemic stress. These findings posit the elderly mouse 

RSV model as an appropriate choice for the investigation of a range of issues, including 

the antibody response, muscle wasting, and the mechanistics of age-related differences 

in antiviral responses.  
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Figure 6-1 Overview of factors through which RSV may influence muscle wasting in the elderly

RSV infection in the elderly may lead to muscle wasting through various mechanisms, which may not 
all be present or contribute equally in every case. Anorexia was observed in elderly, but not young mice, 
after RSV infection. Due to the negative energy balance, it is likely that this contributed to muscle wasting 
in the model. Unexpectedly, blocking the known appetite suppressor GDF-15 did not alter food intake in 
elderly mice with RSV, suggesting that anorexia is not mediated by GDF-15 in this model. However, there 
was tentative evidence that blockade of GDF-15 promoted muscle wasting, which warrants further study. 
Although the influence of the pro-inflammatory cytokine IL-6 on muscle wasting could not be proven in 
this study, existing literature strongly suggests that a pro-inflammatory environment as is commonly found 
in the elderly is conducive to muscle wasting (Cesari et al., 2012; Muñoz-Cánoves et al., 2013). Inactivity 
was not separately interrogated in this study, but it is highly likely that sickness behaviour induced by RSV 
may lead to a downwards spiral of muscle wasting in the elderly (Kortebein et al., 2007; Tanner et al., 2015). 
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8.1.  Abbreviations

A
7-AAD 7-amino-actinomycin

ABC Age-associated B cell

ACK Ammonium chloride potassium

AF Alexa Fluor™

ALRI Acute lower respiratory tract infection

AP Area postrema

APC Antigen-presenting cell / Allophycocyanin

ATCC American Type Culture Collection

ATP Adenosine triphosphate

B
BAL Broncho-alveolar lavage

BSA Bovine serum albumin

BV Brilliant Violet™

C
CCA Chimpanzee coryza agent

CCL Chemokine ligand (C-C motif) 

CD Cluster of differentiation

cDC Conventional dendritic cell

cDNA Complementary DNA

CMV Cytomegalovirus

COPD Chronic obstructive pulmonary disease

COVID-19 Coronavirus infectious disease 2019

CSR Class-switch recombination

CTL Cytotoxic T lymphocyte

CTLA-4 Cytotoxic T lymphocyte-associated protein 4

CXCL Chemokine ligand (C-X-C motif)

D
DAMP Danger-associated molecular pattern

DAPI 4’6-diamidino-2-phenylindole

DC Dendritic cell

DMEM Dulbecco’s modified Eagle’s medium

DNA Deoxyribonucleic acid
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dpi Days post-infection

E
ECM Extracellular matrix

EDTA Ethylene-diamine-tetraacetic acid

ELISA Enzyme-linked immunosorbent assay

EtOH Ethanol

F
FCS Foetal calf serum

fDC follicular dendritic cell

FITC Fluorescein isothiocyanate

FMO Fluorescence minus-one

G
g Gram

GC Germinal centre

GDF Growth and differentiation factor

GH Growth hormone

GPCR G-protein coupled receptor

H
H & E Haematoxylin and eosin 

HDM House dust mite

HEp-2 Human larynx epidermoid carcinoma

HP 1α Heterochromatin protein 1 alpha

HRP Horseradish peroxidase

hr(s) Hour(s)

HSC Haematopoietic stem cell

HSP Heat shock protein

I
IAV Influenza A virus

ICAM-1 Intercellular adhesion molecule 1

IFN Interferon

IFNAR Interferon alpha/beta receptor

Ig Immunoglobulin

IGF Insulin-like growth factor

IL Interleukin

ILC Innate lymphoid cell

i.n. Intranasal
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IR Infrared

IRF Interferon-regulated factor

IĸB Inhibitor of kappa B

IKK Inhibitor of kappa B kinase

IRF Interferon regulatory factor

ISG Interferon-stimulated gene

K
kg Kilogram

KO Knock-out

L
LMIC Low and middle-income countries

LN Lymph node

LPS Lipopolysaccharide

LRTI Lower respiratory tract infection

LTA Lipoteichoic acid

Ly Lymphocytes

M
MAPK Mitogen-activated protein kinase

mDC Myeloid dendritic cell

mg Milligram

MHC Major histocompatibility complex

MyHC Myosin heavy chain

min Minute(s)

MIP-1α Macrophage inhibitory protein 1 α

ml Millilitre

μl Microlitre

MLN Mediastinal lymph node

mRNA Messenger RNA

mtDNA mitochondrial DNA

mTOR mammalian target of rapamycin

MuRF Muscle ring finger protein

N
ns Not significant

ND Not detected

NF-ĸB Nuclear factor kappa B

ng Nanogram
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NK Natural killer

NLR Nod-like receptor

NTS Nucleus of the solitary tract

O
OCT Optimal cutting temperature

O/N Overnight

OD Optical density

P
PAMP Pathogen-associated molecular pattern

PBMC Peripheral blood mononuclear cell

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

pDC plasmacytoid dendritic cell

PD-1 Programmed death 1

PE Phycoerythrin

PFU Plaque-forming unit

PMA Phorbol 12-myristate 13-acetate

PRR Pattern recognition receptor

Q
qPCR quantitative PCR

R
RIG-I Retinoic acid-inducible gene I

RNA Ribonucleic acid

RNP Ribonucleoprotein

ROS Reactive oxygen species

rpm Revolutions per minute

RPMI Roswell Park Memorial Institute 

RSV Respiratory syncytial virus

RT Room temperature

RV Rhinovirus

S
SARS-CoV2 Severe Acute Respiratory Syndrome Coronavirus 2

SASP Senescence-associated secretory phenotype

SD Standard deviation

SEM Standard error of the mean

SIRT Sirtuin
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SNP Single nucleotide polymorphism

ss Single-stranded

STAT Signal transducer and activator of transcription

T
TA Tibialis anterior

TCR T cell receptor

TF Transcription factor

Tfh T follicular helper

TGF Transforming growth factor

Th T helper

Th1 Type 1 T helper

Th2 Type 2 T helper

TIR Toll-interleukin 1 receptor 

TLR Toll-like receptor

TMB 3,3’,5,5’-Tetramethylbenzidine

TNF Tumor necrosis factor

Treg T regulatory

Trm T resident memory

TRIM Tripartite motif

U
URTI Upper respiratory tract infection

W
wk Week(s)

WT Wild type
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Back to The National Archives

You are encouraged to use and reuse the Information that is available under this licence freely and flexibly, with only a few conditions.

Using Information under this licence

Use of copyright and database right material expressly made available under this licence (the 'Information') indicates your acceptance of the terms and
conditions below.

The Licensor grants you a worldwide, royaltyfree, perpetual, nonexclusive licence to use the Information subject to the conditions below.

This licence does not affect your freedom under fair dealing or fair use or any other copyright or database right exceptions and limitations.

You are free to:

copy, publish, distribute and transmit the Information;

adapt the Information;

exploit the Information commercially and noncommercially for example, by combining it with other Information, or by including it in your own

product or application.

You must (where you do any of the above):

acknowledge the source of the Information in your product or application by including or linking to any attribution statement specified by the

Information Provider(s) and, where possible, provide a link to this licence;

 If the Information Provider does not provide a specific attribution statement, you must use the following:

 Contains public sector information licensed under the Open Government Licence v3.0.

If you are using Information from several Information Providers and listing multiple attributions is not practical in your product or application, you may
include a URI or hyperlink to a resource that contains the required attribution statements.

These are important conditions of this licence and if you fail to comply with them the rights granted to you under this licence, or any similar licence
granted by the Licensor, will end automatically.

 Exemptions

This licence does not cover:

personal data in the Information;

Information that has not been accessed by way of publication or disclosure under information access legislation (including the Freedom of Information

Acts for the UK and Scotland) by or with the consent of the Information Provider;

departmental or public sector organisation logos, crests and the Royal Arms except where they form an integral part of a document or dataset;

military insignia;

third party rights the Information Provider is not authorised to license;

other intellectual property rights, including patents, trade marks, and design rights; and

identity documents such as the British Passport

Nonendorsement

This licence does not grant you any right to use the Information in a way that suggests any official status or that the Information Provider and/or
Licensor endorse you or your use of the Information.

No warranty

The Information is licensed 'as is' and the Information Provider and/or Licensor excludes all representations, warranties, obligations and liabilities in
relation to the Information to the maximum extent permitted by law.

8.2. Licence statement for Figure 1-1
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The Information Provider and/or Licensor are not liable for any errors or omissions in the Information and shall not be liable for any loss, injury or
damage of any kind caused by its use. The Information Provider does not guarantee the continued supply of the Information.

Governing Law

This licence is governed by the laws of the jurisdiction in which the Information Provider has its principal place of business, unless otherwise specified
by the Information Provider.

Definitions

In this licence, the terms below have the following meanings:

'Information' means information protected by copyright or by database right (for example, literary and artistic works, content, data and source code)
offered for use under the terms of this licence.

'Information Provider' means the person or organisation providing the Information under this licence.

'Licensor' means any Information Provider which has the authority to offer Information under the terms of this licence or the Keeper of Public Records,
who has the authority to offer Information subject to Crown copyright and Crown database rights and Information subject to copyright and database
right that has been assigned to or acquired by the Crown, under the terms of this licence.

'Use' means doing any act which is restricted by copyright or database right, whether in the original medium or in any other medium, and includes
without limitation distributing, copying, adapting, modifying as may be technically necessary to use it in a different mode or format.

'You', 'you' and 'your' means the natural or legal person, or body of persons corporate or incorporate, acquiring rights in the Information (whether the
Information is obtained directly from the Licensor or otherwise) under this licence.

About the Open Government Licence

The National Archives has developed this licence as a tool to enable Information Providers in the public sector to license the use and reuse of their
Information under a common open licence. The National Archives invites public sector bodies owning their own copyright and database rights to permit
the use of their Information under this licence.

The Keeper of the Public Records has authority to license Information subject to copyright and database right owned by the Crown. The extent of the
offer to license this Information under the terms of this licence is set out in the UK Government Licensing Framework.

This is version 3.0 of the Open Government Licence. The National Archives may, from time to time, issue new versions of the Open Government
Licence. If you are already using Information under a previous version of the Open Government Licence, the terms of that licence will continue to
apply.

These terms are compatible with the Creative Commons Attribution License 4.0 and the Open Data Commons Attribution License, both of which license
copyright and database rights. This means that when the Information is adapted and licensed under either of those licences, you automatically satisfy
the conditions of the OGL when you comply with the other licence. The OGLv3.0 is Open Definition compliant.

Further context, best practice and guidance can be found in the UK Government Licensing Framework section on The National Archives website.

 

Go to the version 1 of the licence. 
Go to the version 2 of the licence. 
Go to the Welsh version of the licence.
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SPRINGER NATURE LICENSE 
TERMS AND CONDITIONS

Mar 09, 2020

 
This Agreement between Imperial College London -- Johanna Sophie Sagawe ("You") and
Springer Nature ("Springer Nature") consists of your license details and the terms and
conditions provided by Springer Nature and Copyright Clearance Center.

License Number 4784820885489

License date Mar 09, 2020

Licensed Content
Publisher Springer Nature

Licensed Content
Publication Nature Reviews Microbiology

Licensed Content Title Respiratory syncytial virus entry and how to block it

Licensed Content Author Michael B. Battles et al

Licensed Content Date Feb 5, 2019

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 1

High-res required no
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Will you be translating? no

Circulation/distribution 1 - 29

Author of this Springer
Nature content no

Title The interaction of the immune system with skeletal muscle during
respiratory viral infection of the elderly

Institution name Imperial College London

Expected presentation
date May 2020

Portions Figure 1

Requestor Location

Imperial College London 
Respiratory Diseases Section, National H 
St Mary's Hospital, Norfolk Place 
 
London, W2 1NY 
United Kingdom 
Attn: Imperial College London

Total 0.00 GBP

Terms and Conditions

Springer Nature Customer Service Centre GmbH 
Terms and Conditions

This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking
'accept' and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.

1. Grant of License 
 

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
only. Licences are granted for the specific use requested in the order and for no other
use, subject to the conditions below. 
 
1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. However, you should ensure that the material
you are requesting is original to the Licensor and does not carry the copyright of
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another entity (as credited in the published version). 
 
1. 3. If the credit line on any part of the material you have requested indicates that it
was reprinted or adapted with permission from another source, then you should also
seek permission from that source to reuse the material. 
 

2. Scope of Licence 
 

2. 1. You may only use the Licensed Content in the manner and to the extent permitted
by these Ts&Cs and any applicable laws. 
 
2. 2. A separate licence may be required for any additional use of the Licensed
Material, e.g. where a licence has been purchased for print only use, separate
permission must be obtained for electronic re-use. Similarly, a licence is only valid in
the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the licence. Any content
owned by third parties are expressly excluded from the licence. 
 
2. 3. Similarly, rights for additional components such as custom editions and
derivatives require additional permission and may be subject to an additional fee.
Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for
these rights. 
 
2. 4. Where permission has been granted free of charge for material in print,
permission may also be granted for any electronic version of that work, provided that
the material is incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version. 
 
2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time. 
 

3. Duration of Licence 
 

3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the
relevant period in the below table: 
 

Scope of Licence Duration of Licence
Post on a website 12 months
Presentations 12 months
Books and journals Lifetime of the edition in the language purchased

4. Acknowledgement 
 

4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below. 
 

5. Restrictions on use 
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5. 1. Use of the Licensed Material may be permitted for incidental promotional use and
minor editing privileges e.g. minor adaptations of single figures, changes of format,
colour and/or style where the adaptation is credited as set out in Appendix 1 below. Any
other changes including but not limited to, cropping, adapting, omitting material that
affect the meaning, intention or moral rights of the author are strictly prohibited.  
 
5. 2. You must not use any Licensed Material as part of any design or trademark.  
 
5. 3. Licensed Material may be used in Open Access Publications (OAP) before
publication by Springer Nature, but any Licensed Material must be removed from OAP
sites prior to final publication. 
 

6. Ownership of Rights 
 

6. 1. Licensed Material remains the property of either Licensor or the relevant third party
and any rights not explicitly granted herein are expressly reserved.  
 

7. Warranty 
 
 
 
IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.  
 
8. Limitations 
 

8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the
following terms apply: Print rights of the final author's accepted manuscript (for clarity,
NOT the published version) for up to 100 copies, electronic rights for use only on a
personal website or institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/). 
 

9. Termination and Cancellation 
 

9. 1. Licences will expire after the period shown in Clause 3 (above). 
 
9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.  
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Appendix 1 — Acknowledgements: 

For Journal Content: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication) 

For Advance Online Publication papers: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations: 
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following
credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers: 
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year
of publication), advance online publication, day month year (doi: 10.1038/sj.
[JOURNAL ACRONYM])

For Book content: 
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g.
Palgrave Macmillan, Springer etc) [Book Title] by [Book author(s)]
[COPYRIGHT] (year of publication) 

Other Conditions:

 
Version  1.2

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Wednesday, May 13, 2020 at 5:13:27 PM Bri7sh Summer Time

Page 1 of 4

Subject: RE: Figure adapta/on in PhD thesis
Date: Wednesday, 13 May 2020 at 17:02:37 Bri/sh Summer Time
From: ATS Permission Requests
To: Sagawe, Sophie

Dear Sophie,
 
You are very welcome! Best of luck with your thesis.
 
Best regards,
 
Megan
 
Megan Murphy
Produc'on	Coordinator
American Thoracic Society
25 Broadway, 4th Floor
New York, NY 10004
212-315-8643
mmurphy@thoracic.org
 
Please donate to the ATS to make COVID-19 resources accessible and support respiratory health
professionals worldwide. Wishing you, your community, and all health care professionals safety during
this difficult time.
 
 
From: Sagawe, Sophie <johanna.sagawe11@imperial.ac.uk> 
Sent: Wednesday, May 13, 2020 12:00 PM
To: ATS Permission Requests <permissions@thoracic.org>
Subject: Re: Figure adapta/on in PhD thesis
 
Dear Megan,
 
Thank you so much! That was quicker than I an/cipated.
 
Best regards
Sophie
 
 
 

From: ATS Permission Requests <permissions@thoracic.org>
Date: Wednesday, 13 May 2020 at 16:56
To: "Sagawe, Sophie" <johanna.sagawe11@imperial.ac.uk>
Subject: RE: Figure adapta/on in PhD thesis
 
Dear Sophie,
 
Thank you so much for your pa/ence. I have heard from the original authors of the ar/cle, who have
approved your intended use of the figure and informed us that we can proceed.
Permission is granted at no charge. Please complete the below and use it beneath the material. Thank
you. 
 
Adapted with permission of the American Thoracic Society.

8.4. Permission for Figure 1-4
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Copyright © 2020 American Thoracic Society. All rights reserved.
Cite: Author(s)/Year/Title/Journal /tle/Volume/Pages.
The American Journal of Respiratory and Cri/cal Care Medicine is an official journal of the American
Thoracic Society.
Readers are encouraged to read the en/re ar/cle for the correct context at [Website Link].
The authors, editors, and The American Thoracic Society are not responsible for errors or omissions in
adapta/ons.
 
Best regards,
 
Megan
 
 
Megan Murphy
Produc'on	Coordinator
American Thoracic Society
25 Broadway, 4th Floor
New York, NY 10004
212-315-8643
mmurphy@thoracic.org
 
Please donate to the ATS to make COVID-19 resources accessible and support respiratory health
professionals worldwide. Wishing you, your community, and all health care professionals safety during
this difficult time.
 
 
From: Sagawe, Sophie <johanna.sagawe11@imperial.ac.uk> 
Sent: Friday, May 8, 2020 2:52 PM
To: ATS Permission Requests <permissions@thoracic.org>
Subject: Re: Figure adapta/on in PhD thesis
 
Dear Megan, 
Yes please! 
Thank you
Sophie 
 

From: ATS Permission Requests <permissions@thoracic.org>
Sent: 08 May 2020 19:11
To: Sagawe, Sophie <johanna.sagawe11@imperial.ac.uk>
Subject: RE: Figure adapta/on in PhD thesis
 
Dear Sophie,
 
Thank you very much for sending! Because you are reques/ng to adapt the figure, I must reach out to the
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Thank you very much for sending! Because you are reques/ng to adapt the figure, I must reach out to the
authors of the original ar/cle for approval before we can move forward with this request. This may take
some /me. Would you like to proceed?
 
Best regards,
 
Megan
 
Megan Murphy
Produc'on	Coordinator
American Thoracic Society
25 Broadway, 4th Floor
New York, NY 10004
212-315-8643
mmurphy@thoracic.org
 
Please donate to the ATS to make COVID-19 resources accessible and support respiratory health
professionals worldwide. Wishing you, your community, and all health care professionals safety during
this difficult time.
 
 
From: Sagawe, Sophie <johanna.sagawe11@imperial.ac.uk> 
Sent: Friday, May 8, 2020 12:01 PM
To: ATS Permission Requests <permissions@thoracic.org>
Subject: Re: Figure adapta/on in PhD thesis
 
Dear Megan,
 
Thank you for your quick reply. I have ajached my figure and the original version.
 
Best regards
Sophie
 
 
 
From: ATS Permission Requests <permissions@thoracic.org>
Date: Friday, 8 May 2020 at 16:55
To: "Sagawe, Sophie" <johanna.sagawe11@imperial.ac.uk>
Subject: RE: Figure adapta/on in PhD thesis
 
This email from permissions@thoracic.org originates from outside Imperial. Do not click on links and
attachments unless you recognise the sender. If you trust the sender, add them to your safe senders list to
disable email stamping for this address.
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Dear Sophie,
 
Thank you for your request, and your interest in ATS. Can you kindly send your adap/on of the figure for
our review?
 
Best regards,
 
Megan
 
Megan Murphy
Produc'on	Coordinator
American Thoracic Society
25 Broadway, 4th Floor
New York, NY 10004
212-315-8643
mmurphy@thoracic.org
 
Please donate to the ATS to make COVID-19 resources accessible and support respiratory health
professionals worldwide. Wishing you, your community, and all health care professionals safety during
this difficult time.
 
 
From: Sagawe, Sophie <johanna.sagawe11@imperial.ac.uk> 
Sent: Friday, May 8, 2020 11:40 AM
To: ATS Permission Requests <permissions@thoracic.org>
Subject: Figure adapta/on in PhD thesis
 
Dear Mrs Gern,
 
I would like to include an adapted version of Figure 1 from the following publica/on in my PhD thesis:
 
Deteriora/on of Limb Muscle Func/on during Acute Exacerba/on of Chronic Obstruc/ve Pulmonary
Disease
By Raolat M. Abdulai, Tina Jellesmark Jensen, Naimish R. Patel, Michael I. Polkey, Paul Jansson, Bartolomé
R. Celli, and Stephen I. Rennard
Page 433–449 in volume 197 issue 4 of AJRCCM (15 February 2018). doi: 10.1164/rccm.201703-0615CI
 
The figure will not be reprinted in its published form. Instead I have adapted it to omit some parts of the
pathway and added more details in other parts. This figure will be part of the introduc/on to my PhD
thesis to illustrate mechanisms of muscle growth and atrophy.
 
Kind regards
Sophie Sagawe
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