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1 INTRODUCTION 

1.1 Aging and Immunosenescence 

The advent of modern medicine, improved hygiene and nutrition have led to a steady rise in 

the number of individuals aged 65 and above, thus changing the demographic of our society. 

A 2010 study by the world health organisation (WHO) predicts that the number of individuals 

aged 65 and above will grow from 524 million to approximately 1.5 billion by the year 2050, 

with most of this increase occurring in industrialised nations1. Now, most individuals who 

boast of longevity do not necessarily enjoy the benefits of a healthy lifespan, so it is safe to 

say that health systems will be burdened with diseases of old age in the near future. The 

question that now arises is whether we will have the capacity to accommodate this aging 

population. 

The effect of aging on morbidity or healthy life span is heterogenous, as no 2 individuals age 

in the same way. Lopez-Otin et al., characterised cellular and molecular aging using the 

following 9 hallmarks: genomic instability, shortening telomere length, epigenetic 

modifications, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, 

cellular senescence, stem cell exhaustion and altered intracellular communication2, all of 

which impact the immune system. Therefore, aging can be described as a process in which the 

build-up of deficits results in immune dysregulation and reduced vitality in individuals. This 

immune dysregulation stems from changes that occur in both the innate and adaptive immune 

system, culminating in increased autoimmune disorders due to impaired immune tolerance, 

increased chronic inflammation as a result of impeded clearance of senescent cells, ineffective 

vaccine response, and increased susceptibility to diseases and infections in the elderly3, as 

evidenced by the ongoing coronavirus disease (COVID)-19 pandemic, where death rates are 

as low as 0.1% in children but increases to about 10% in older individuals4,5. This increased 

susceptibility as well as mortality to infections in the elderly6,7 is an attest to the decline in 

fidelity and efficiency of aged immune systems, known as “immunosenescence”. 

The cause of immunosenescence is multifactorial and includes factors such as thymic 

involution, clonal expansion of antigen-experienced cells in favour of naïve cells and stem cell 

exhaustion8,9, which ultimately favour the production of proinflammatory mediators10,11. 

Given that dysregulation of immune function is central to most of the biological changes 

associated with aging and age-related diseases, this introductory section will summarise 
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current knowledge on how the elderly respond to infections, particularly of the lung, and how 

the changes that occur in the immune system with age underpin the weakened immune 

response in older individuals. 

1.2 Consequence of aging on infectious diseases 

Infections remains the primary cause of death for a third of individuals aged 65 and above, 

because altered immune status and various physiological changes (Tab. 1) increases their 

predisposition to infectious diseases12,13. In the lungs, for example, increased alveolar size and 

alveolar capillary area, and the deterioration of excretory mechanisms such as cough or 

mucociliary clearance13 further increases the risk of lower respiratory tract infection. In 

addition, clinical presentation of disease is altered in elderly individuals, further complicating 

diagnosis and treatment. 

Table 1. Changes in Lung anatomy and immune responses that increase susceptibility to infections 
Factor increasing predisposition 

Lung elasticity12 
Mucociliary clearance13 
Glottic closure response12 
Cough/sneezing12 
Fever13 

Lymphocyte numbers13 
Vaccine response13 
Inflammatory cytokines13 

Infections, particularly of the lower respiratory tract have a predilection for older individuals, 

with higher morbidity and mortality rates being the norm compared to younger individuals. A 

study in Norway using a notification rate ratio (NRR) showed that pneumococcal infections 

are more prevalent in the elderly population: About 50% of community-acquired pneumonia 

cases occur in individuals older than 65 years of age, and a third of them develop severe 

sepsis14. Age-related changes in immune surveillance, particularly reduced innate and 

adaptive immune responses may be responsible for increased lung pathology in response to 

infective agent. Additionally, chronic inflammation in the aged lung increases susceptibility by 

upregulating receptors such as keratin 10 (K10), laminin receptor (LR), and platelet activating 

factor receptor (PAFr) on the surface of epithelial cell, which increases adhesion and 

accumulation of bacteria in the lung15. 

Following closely behind are viral infections of the respiratory tract, which are also responsible 

for a large percentage of deaths in the elderly. This is exemplified in seasonal influenza cases, 

where most severe cases with hospitalisation and deaths are in the age group ≥ 65. Viral 

infections also render the elderly susceptible to re-infections with pneumococcal bacteria16. 



INTRODUCTION 

3 
 

The effects of immune aging on lower respiratory tract infections are yet to be fully elucidated. 

What we do know is that there is a difference in immune fitness between young and the 

elderly, thus establishing advanced age as a risk factor for lung infections 

1.2.1 Tuberculosis in aging  

Tuberculosis (TB), one of the leading infectious causes of death worldwide, caused by 

Mycobacterium tuberculosis (Mtb), continues to claim more than 4000 lives every day, 

according to the WHO. Although most individuals are latently infected with Mtb 

(asymptomatic), reactivation can occur when the immune defence is weakened. A major risk 

factor for contracting TB is increasing age, as elderly individuals are more likely to suffer a 

primary infection with adverse effects17.  

Mtb resides within the lung mucosa (LM) of the alveolus during infections. For proper lung 

maintenance and function, the LM is recycled frequently by the alveolar epithelial. In old age 

however, LM recycling is impeded, resulting in an accumulation of old LM cells and an increase 

in inflammatory mediators in old lungs18, which alters the functions of many innate defence 

mechanisms. For example, dipalmitoylphosphatidylcholine (DPPC) which binds to and 

activates surfactant protein A (SP-A) is reduced in the lungs of elderly individuals, thereby 

decreasing receptor expression on macrophages and rendering phagocytosis of Mtb 

ineffective18,19. Furthermore, one study identified autophagy as a means to suppress Mtb 

survival within intracellular compartments20, but reduced autophagy in advanced age negates 

this defence mechanism. 

Cellular immune response to Mtb infection involves not only cells of the innate immune 

system, but also CD4 and CD8 T-cell responses that kill or contain the bacteria in granulomas. 

However, reduced CD4 T-cell output and thus the impaired generation of antigen-specific 

cells21-23, the shift from T-helper (TH) 1 to a TH2 type immune response in milieus with high 

interleukin (IL)-624 and ineffective phagocytosis by macrophages25 adversely affect the 

Mtb-specific immune response in old age. Consistent with this, higher bacterial burdens were 

measured in spleen cell cultures from aged mice23. Moreover, when the T-cells from these old 

mice were transferred into young mice, they failed to protect young mice from a challenge 

with Mtb23. Additionally, there is evidence to suggest that the persistent low-grade 

inflammatory state in elderly individuals may also contribute to the immunopathogenesis of 

TB by providing a supporting environment for bacterial replication. Indeed, when nitric oxide 

repressed proinflammatory IL-1-dependent 12/15-lipoxygenase neutrophil recruitment 
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pathway in mice, bacterial burden was reduced26. These results from in vitro and in vivo mouse 

studies mirror reports on the outcome of Mtb infections in the elderly17. 

Senescence associated immune decline remains a risk factor for adverse outcomes of diseases 

and infections in the elderly. For the longest time, research focused on the changes that occur 

at cellular levels. More recently, the influence of cytokines on immune aging has been 

recognised, but the exact cells that produce the cytokines (e.g. after Mtb infection) that alter 

cell differentiation and contribute to the weakened immune response in advanced age remain 

elusive. 

1.3 Immunological changes during aging 

A striking change associated with aging is the decline in immune function, with the immune 

system becoming less able to identify foreign antigens. While this by no means implies that 

older people are immunocompromised, the immunological changes that accompany aging 

describe a compromise in homeostatic equilibrium, resulting in alterations in pro- and 

anti-inflammatory mediators that eventually dampen immune responses. 

1.3.1 Changes to the innate immune cells 

As a first line of defence, the innate immune system is important in defending against invading 

pathogens and does not require antigen specificity. Its main cellular components being 

macrophages, neutrophils, dendritic cells (DCs), and natural killer (NK) cells are affected by 

aging. Changes to cells of the innate immune system with age are not as extensively studied 

as those of the adaptive immune system, but a typical trait reported on is a switch from a 

quiescent to a perpetually activated innate immune system27. This age-associated activation 

is thought to be induced by factors such as the spontaneous production of reactive oxygen 

species (ROS), dysregulation of autophagy, and the release of endogenous damage-associated 

molecular patterns (DAMPS)28,29. For example, Hazeldine et al., showed a link between altered 

ROS production and the inability of neutrophils to produce extracellular DNA traps (NETosis)30 

thus, impairing neutrophil anti-bacterial function. Furthermore, neutrophils in the elderly are 

prone to death as their sensitivity to N-formyl-methionyl-leucyl-phenylalanine (N-fMLP), 

which extends their lifetime at infection sites, declines with age31,32. Because of impaired 

autophagy, these neutrophils accumulate and increase inflammation thereby causing tissue 

damage and favour tumorigenesis.  
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When natural killer (NK) cells were examined, production of cytokines from these cells were 

altered with age, as studies in humans have shown a decline in CD56bright (cytotoxic) and an 

increase in CD56dim (cytokine producers) NK cells subsets33,34 which would account for the 

skewed or dysregulated cytokine production with age. Not only is cytokine production from 

NK cells skewed but reports of reduced chemokine production such as C-C motif ligand 3 

(CCL3), IL-8, regulated on activation normal T cell expressed and secreted (RANTES) in 

individuals aged 90 and above have been published35. This decreased chemokine production 

might explain the shift towards a TH2 responses observed in elderly. In vaccine studies, altered 

NK cell activity from older test subjects was associated with poor seroconversion33, suggesting 

that impaired NK cell function may have broader effects that increase susceptibility to viral 

infections and cancers in the elderly. 

Research on the effects of aging on macrophages has not yielded clear cut answers. Some 

studies report an upregulation while others report on a downregulation of these immune cells. 

Human studies with macrophages demonstrate an increase in proinflammatory cytokines 

including IL-6, tumour necrosis factor (TNF) and IL-1 in peripheral blood with advancing age36. 

In vitro mouse studies with lipopolysaccharide (LPS) stimulation shows a decrease in 

proinflammatory cytokine and a subsequent increase in anti-inflammatory cytokine 

production37. The study also implicates the reduction in the number of cells expressing CD14 

and Toll-like receptor 4 (TLR4) as the reason for reduced proinflammatory cytokine 

production37. This reduction in proinflammatory cytokines hinders the effective activation of 

B-cells by macrophages. Conversely, the production of proinflammatory cytokines after in vivo 

LPS stimulation increases in aged mice38. This discrepancy between both studies might be due 

to the action of other stimuli present in the host’s microenvironment such as hormones, 

chemokines, adipose tissue etc. that change with age, therefore, the function of macrophages 

in vivo can be considerably altered in response compared to their in vitro response. Aging is 

also associated with an accumulation of the proinflammatory M1-macrophage subset that 

have impaired phagocytosis and cytokine production25. 

Studies in aged DCs also provide conflicting results, most likely as a result of the differences in 

experimental setups and DC populations tested. While some studies record a stability in 

conventional DC (cDCs) numbers in blood overtime39,40, others report a decline in cDCs 

numbers and decreased secretion of proinflammatory cytokines in the elderly when 

compared to younger subjects41. Agrawal et al., demonstrated impaired phagocytosis of 
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foreign organisms by monocyte derived DCs (moDCs) from aged individuals. They also 

identified reduced activation of the Akt kinase in the phosphoinositide 3-kinase (PI3K) 

signalling pathway as the culprit for reduced DC phagocytosis40. Another observation made 

was the increased reactivity to self-antigen by DCs from older individuals, resulting in 

autoimmunity and chronic inflammation. In terms of antigen stimulation of T-cells, one study 

found that cytokine secretion from moDCs of young and old subjects were comparable42, 

whereas another study found that moDCs from older subjects stimulated with LPS produced 

more proinflammatory cytokines40  

Alterations in cytokine secretion and ineffective uptake of pathogens hinders the successful 

activation of the adaptive immune response thereby increases the occurrence of infectious 

illnesses in aged individuals.  

1.3.2 Changes to the adaptive immune cells 

The adaptive immune system is equipped with an immensely diverse repertoire of 

antigen-responsive T- and B-cells that upon antigen stimulation, proliferate to produce 

antigen-specific lymphocytes, which then become less proliferative effector and memory 

cells. On antigen reappearance, these memory cells secrete antibodies, cytokines etc. to tackle 

foreign antigens and protect the host. As one ages, naïve T- and B-cell output diminishes 

thereby reducing adaptive cells repertoire and creating a selective pressure towards 

proliferating antigen-experienced cells. Not only are the immune cells affected by aging, 

reports show changes in the stroma of both the thymus and bone marrow43,44 resulting in 

suboptimal responses of the cells to growth and development factors within these 

compartments. All these make the immune system highly susceptible to aging processes. 

1.3.2.1 B-Lymphocytes 

Antibodies produced by B-cells play a crucial role in controlling or clearing invading pathogens. 

Like the other immune cells, B-cell numbers and functions are also affected by aging. Stephan 

et al., showed that pre-B-cells in the bone marrow were reduced by up to 90% in old mice and 

this reduction occurred during the transitioning stage from pro-to pre-B-cells45. Published data 

also highlights the role of inflammation in altered B-cell development with age. One found an 

accumulation of senescent cells in the bones of old mice and humans due to faulty autophagy 

clearing mechanism46. These amassed senescent cells subsequently increase infiltrating 

pro-inflammatory mediators47,48. Inflammation also biases haematopoietic stem cells (HSC) 
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differentiation towards myeloid cells at the detriment of lymphoid cell differentiation, thus 

resulting in the decline in B-cell output from the bone marrow with age49,50. Furthermore, 

bone marrow cellularity is altered in aging, resulting in the conversion of HSCs to fatty marrow 

cells. Indeed, IL-1α and IL-1β from adipocytes within the bone marrow increased myeloid cell 

differentiation51. Changes in the bone marrow microenvironment lead to a decline in IL-7, an 

important cytokine for expansion and survival of B-cell precursors in mice44, whilst cytokines 

such as IL-21, IL-4 and interferon γ (IFNγ) trigger the accumulation of age-associated B-cells at 

the expense of follicular B-cells in spleen and visceral adipose tissue of old mice52,53. 

However, discrepancies in reported results in human studies, due to differences in 

experimental set up, have made it difficult to draw a conclusion on how B-cell populations are 

affected in aging54,55. One can assume that B lymphopoiesis reduces with age, since portions 

of haematopoietic bone marrow is replaced by fat cells. Another thing we can draw from 

mouse studies is the accumulation of age-associated B-cells. These cells are also identified as 

the IgD- CD27- memory B-cell population and are often found in elderly individuals with 

autoimmune diseases such as rheumatoid arthritis56. They are good antigen presenters but 

favour a polarisation of TH17-cells57, which could further exacerbate damage to B-cell 

compartments by increasing overall inflammation.  

In addition to the reduced B-cell numbers, there is also a decline in the quality (affinity) of 

antibodies produced, which can be traced back to altered B-cell metabolism with age58. It was 

seen in the study by Kurpati et al., aged B-cells had defective mitochondria, reduced energy 

output, and increased mitochondrial ROS (mROS) production58. Increased mROS leads to 

increased glycolysis and the subsequent reduction of sirtuin (SIRT)-1 expression59 which is 

important for antibody specificity. This was made clear when SIRT1 expression, regardless of 

age, was investigated and individuals with reduced expression had significantly reduced 

trivalent inactivated influenza vaccine specific antibody responses, compared to those with 

high SIRT1 levels58. In addition to low quality antibodies, B-cells from the elderly are unable to 

undergo effective class-switching as a result of low expression of cytidine deaminase60,61. 

Transcriptomic results of in vitro B-cell cultures showed marked reductions in transcripts for 

one-carbon metabolism in activated aged B cells58. One-carbon metabolism is important for 

synthesis of amino acid, nucleotides, DNA methylation and redox defences62. This implies that 

B-cell generation and its epigenetic regulation are diminished in elderly individuals resulting 

in an overall decrease in B-cell numbers with age. 
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1.3.2.2 T-Lymphocytes 

Able to detect foreign- and neo-antigens, T cell are key players in orchestrating adaptive 

immune responses, such as humoral immunity development, memory cell generation etc. 

Their development also begins with haematopoietic stem cells in the bone marrow that then 

develop into lymphoid progenitor cells. Progeny destined to become T-cells emigrate out of 

the bone marrow to the thymus where all further developmental steps occur. 

As one ages, the epithelial tissue in the thymus is slowly replaced by adipose tissue, a 

phenomenon seen in the vast majority of vertebrates that describes the thymic involution 

process21,22. As a result of thymic involution, naïve T-cell output declines and decreases T-cell 

receptor (TCR) repertoire. Surprisingly, although naïve T-cells are diminished the overall T-cell 

numbers in the periphery remains unchanged throughout different age groups63. The 

homeostasis in T-cell numbers might be due to compensatory mechanisms that correct for 

the reduced thymic naïve cell output. For example, circulating naïve T-cells from older 

individuals were reported to express less of the pro-apoptotic molecule BIM63, thereby 

increasing their survival.  

With age, there is an inverted ratio of CD4 to CD8 T-cells deficient of the co-stimulatory marker 

CD2864. These CD4 T-cells cannot be properly primed, therefore do not generate intact CD4 

TH cell subsets, instead they produce large amounts of pro-inflammatory cytokines. Likewise, 

an increase in clonally expanded memory T-cell pool64 due to repeated viral antigen exposure 

is a characteristic of aged T-cells. Indeed, cytomegalovirus (CMV) infection is associated with 

the expansion of terminally differentiated CD8 (TEMRA) effector memory cells65. In addition to 

homeostatic dysregulations, alterations in T-cell functionality occurs with age. There is 

reduction in proliferative capacity and an ineffective signalling of T-cells66. For example, in 

vitro studies recognised impaired extracellular signal-regulated kinase (ERK) phosphorylation 

and reduced TCR sensitivity to antigens, due to a decline in miR-181a expression. miR-181a 

controls the activation of ERK negative feedback pathways like dual specific phosphatase 

(DUSP) 5 and 6 or SIRT1 pathways66. Collectively, the aforementioned changes contribute to 

the defects seen in T-cells in the elderly. 

1.3.2.2.1 TH1/TH2-cells 

The TH cells are not spared from the changes associated with the immune aging. TH1- and 

TH2-cells were first identified in mice by Mosmann and Coffman67 and then in humans by 

Romagnani68. TH1-cells secrete IL-2 and IFN-γ, tend to provide help for CD8-mediated 
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cytotoxic effector function and IgG2a antibody to defend against intra cellular pathogens, 

whereas TH2-cells secrete IL-4 and IL-10 and are more efficient in providing help during 

humoral immune response against extracellular parasites, allergies or autoimmune diseases69.  

Even in healthy aging, CD4 T-cells are committed to a TH2 phenotype70. This shift towards a 

TH2 immune response influences the effectiveness of control of cancers or infections like 

tuberculosis24, as both ailments require TH1-mediated immune responses for their control. In 

tumours, CD4 T-cells supports eradication by activating other immune cells and increasing 

IFNγ production from TH1-cells in the tumour’s microenvironment. However, in aged patients, 

TH2-cells rather than TH1-cells are predominantly detected24,70, thus, creating a permissive 

environment for cancer development. Many factors are involved in the shift towards a TH2 

phenotype with age. One study points to the effect of the IL-6/IL-21 axis, whose activity 

increases with age, resulting in dampened TH1 response24,71. The differentiation of CD4 T-cells 

to TH1-cells are also affected by a downregulated glutathione redox system, because when 

glutathione is downregulated, it is unable to stimulate IL-12 production, which is important 

for the differentiation of TH1-cells72. Since CD4 T-cells predominantly differentiate to TH2-cells 

in old age, one could assume that they are the source of increased IL-10 production but this 

still needs to be investigated.  

1.3.2.2.2 TH17-cells  

TH17-cell subset of CD4 T-cells, produce IL-17 family cytokines (IL-17A—F). Of this family, one 

of the most studied is IL-17A that plays an important role in defending against fungal infections 

and exacerbating chronic inflammatory and autoimmune disorders73. IL-17A recruits 

neutrophils to sites of infection by induction of IL-8 and granulocyte-colony stimulating factor 

(G-CSF) production from epithelial cells and fibroblasts. Indeed, IL-17 receptor A deficient mice 

had compromised neutrophil recruitment and increased susceptibility to fungal infection74. 

IL-17 requires for its differentiation, transforming growth factor (TGF)-β, IL-1β, IL-6, IL-23, 

IL-21 and the key transcription factor retinoic acid receptor-related orphan nuclear receptor 

gamma t (RORγt)73. 

Given the changes in T-cells priming, it is safe to assume that TH17-cells will also be affected 

by aging. Accordingly, studies in both humans and mice showed an increase in TH17 

differentiation with age75. Autoimmune or inflammatory diseases, which are common in 

elderly individuals, were found to have significantly higher numbers of cells expressing IL-17 

mRNA and the transfer of IL-17-expressing CD4 T-cells from old mice into RAG1-/- mice induce 
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a more severe colitis than when cells from young mice were transferred75,76. These results hint 

to the pathogenic properties of TH17-cells. Interestingly, although a general increase in mRNA 

encoding IL17 was observed when TH17-cells were examined in older humans, this increase 

was only measurable in CD4 T cells with a naïve phenotype, at the same time, when memory 

cells were examined, IL-17-producing cells were also significantly increased in this CD4 T-cell 

subset75. The results suggest that CD4 cells from the elderly are already more predisposed to 

TH17 differentiation than CD4 cells from young individuals. Since TH17-cells share similar 

transcription factors and require similar cytokines for their differentiation as the 

IL-10-producing Type 1 Regulatory T-cells (TR1), it is possible that the IL-10 increases in elderly 

is due to a trans-differentiation from TH17-cells to TR1 cells. 

1.3.2.2.3 T-follicular helper (TFH) cell  

T-follicular helper (TFH) cells are responsible for the development and maintenance of 

germinal centre (GC) B-cells. They mediate the selection of high-affinity B-cell clones in the GC 

and thereby define memory B-cell compartments77. Dysregulated development or function of 

TFH cells results in impaired vaccine response, autoimmunity or immunodeficiency78-80. 

During the aging process, factors required for differentiation and maintenance of TFH cell 

become dysregulated. For instance, Inducible T-cell COStimulator (ICOS), a co-stimulatory 

receptor required during naïve CD4 T-cell interaction with DCs, B-cells and for the induction 

and maintenance of B-cell lymphoma (Bcl)-6, is reduced81. This reduction of ICOS expression 

could affect the quality of signals received by naïve CD4 T-cells, thereby limiting the number 

of effective/efficient differentiated TFH cells.  

CD40L is important for initiating and maintaining the function of the GC response. It also plays 

a pivotal role in initiating class switching and somatic hypermutation of antibodies82, implying 

that irregularities to the expression of CD40L could contribute to altered antibody formation 

and GC response following encounter with antigens. In both humans and mice, the expression 

of CD40L is reduced and high levels of DUSP4 have been shown to lead to the reduction of 

CD40L expression83. 

Cytokines such as IL-6 and IL-21, involved in promoting the generation of TFH cells via Bcl-6 

induction, are increased with age84,85. However, this finding conflicts with other results that 

showed reduced TFH frequencies in elderly individuals86. Further investigations will be 

important in determining whether these cytokines are altered with age and how they affect 

IL-10 production in the CD4 TFH population with advancing age. 
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1.3.2.2.4 Regulatory T-cells (Tregs) 

Regulatory T-cells (Tregs) are heterogeneous populations consisting of phenotypically distinct 

subsets87 that can be characterised by their Forkhead box P3 (FoxP3) expression. Based on 

where these cells are generated, the markers they express of their specific function, they can 

be differentiated into thymus derived Tregs (tTregs) or peripheral Tregs (pTregs) for those 

induced in the periphery. tTregs react strongly to self-antigens and so are suppressers of 

autoimmunity but because these tTregs do not produce a lot of anti-inflammatory cytokines, 

their suppression is mainly as a result of cell-to-cell contact dependent mechanisms88,89. 

pTregs as the name implies, are generated in the periphery when foreign antigens are present 

in the system. These cells start off as CD4+ FoxP3- T-cells which then differentiate, under the 

influence of cytokines such as IL-2 and TGF-β, to FoxP3+ cells88. They do not express the 

transcription factors helios and neuropilin-1 but produce anti-inflammatory cytokines such as 

IL-10, IL-35 or TGF-β, that downregulate co-stimulatory molecules CD80/CD86 on 

antigen-presenting cells (APCs)88, all of which modulates immune responses by inhibiting the 

differentiation of naïve T-cells or proliferation of effector T-cells.  

Although data on Tregs show that their numbers in primary lymphoid organs and in the blood 

increase with age due to hypomethylation of CpG islands within promoter and enhancer 

regions90,91, aging has more adverse effects on Tregs than on conventional T-cells, as mice data 

show that Tregs from old mice are less efficient in suppressing effector cells than Tregs from 

young mice92. Indeed, human in situ studies with skin biopsies showed that older individuals 

had higher percentages of Tregs with or without antigen stimulation, suggesting an increase 

Treg numbers in steady state in older adults91. This increase in Treg numbers could be a 

potential source of increased IL-10 production and suppression of the immune response to 

new antigens and vaccination in the elderly. 

Apart from suppressing immune responses, Tregs from the elderly can contribute to the 

proinflammatory state reported in elderly individuals. A recent study highlighted the 

importance of Dbb1 and CUL4 associated factor (DCAF) 1 expression by Tregs in suppressing 

excessive ROS production. DCAF1 also prevented conventional T-cells from acquiring an aging 

phenotype by suppressing T-cell activation, cytokine production and the expression of an 

aging-related gene p16Inκ4a 92. In older individuals, DCAF1 expression is reduced resulting in 

compromised ROS regulation92 and deteriorating Treg function. This loss of DCAF1 with age 
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might explain why aged Treg are insufficient in suppressing TH17 induced inflammation in the 

elderly. 

1.3.2.2.5 Type 1 Regulatory T-cells (TR1) 

TR1 cells are another subset of regulatory CD4 T-cells that do not express FoxP3 but produce 

suppressive cytokines to modulate immune responses. These cells were first described by 

Roncarolo et al., in the blood of severe combined immunodeficiency (SCID) patients and were 

seen to inhibit T-cells in an antigen specific manner93,94. To date, several cytokines such as IL-6, 

IL-21, IL-27 and even IL-10 are linked to the development of these FoxP3-negative (FoxP3-) 

regulatory cells95. TR1 cells lack the expression of a specific lineage marker but have been 

shown to express LAG3, CD49b, and upregulate the suppressive molecule CTLA-4 after TCR 

stimulation96,97. They do, however, exert most of their regulatory functions by secreting high 

amounts of TGF-β and IL-1097. TR1 cells also inhibit adaptive immune activation by producing 

granzyme B and perforin to facilitate a protease mediated killing of myeloid APCs98. By 

activating IL-10 signalling cascade, TR1 cells upregulate immunomodulatory molecules like 

immunoglobulin-like transcript (ILT) 3 and ILT4 on DCs thereby inhibiting DC maturation and 

inducing T-cell tolerance99. In addition to the anti-inflammatory cytokines secreted, these cells 

to an extent, secrete IFNγ94, making them resemble TH1-cells.  

TR1 cells are indispensable in building a tolerance to airway allergens, as they suppress 

pathogenic TH2-cell development they also improve transplant tolerance100,101 

There is a paucity of data on how these TR1 cells react in the aging process, but the increased 

production of IL-10 with age points to an accumulation of such high IL-10-producing cells. In a 

study of CD4 T-cells from aged HIV patients, increased IL-10 production was derived from 

virus-specific TR1-like cells. The authors also found evidence that the increased IL-10 was 

protective against viral replication in vitro102, therefore suggesting a protective function of TR1 

cells in old age, which is in line with findings linking increased IL-10 to longevity in 

centenarians103,104. 

In summary, aging of the immune system is associated with drastic changes in the 

proliferation, distribution and performance of immune cells, with increased inflammatory 

processes inadvertently leading to an increase in anti-inflammatory mediators such as IL-10 

and compromising immunity to infection and disease. 
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1.4 Cytokine dysregulation and its role in aging 

Cytokines coordinate immune responses to invading pathogens through development and 

maturation of myeloid and lymphoid cell lineages. Any alteration in circulating concentrations 

of cytokine will impact immune cell distribution, development and activation in response to 

stimuli. 

A consequence of immunosenescence is the increased production of proinflammatory 

mediators such as TNF, IL-6, IL-1β and C-reactive protein (CRP), in the absence of an infection 

(sterile condition). This imbalance between pro- and anti-inflammatory cytokine describes the 

“inflammaging” phenotype 105, another hallmark of aging and animal as well as human studies 

consistently report increased activation of inflammatory pathways with age106,107. 

Apart from age-related changes that affect immune cells and ultimately increased secretion 

of inflammatory mediators by immune cells, other theories describe the cause of 

inflammaging as resulting from an accumulation of fat, particularly visceral, pericardial or 

intramuscular fat, which increases inflammatory mediators like IL-6 or TNF107. This release of 

cytokines from adipocytes is as a result of constant crosstalk between the immune cells 

embedded within the adipose tissue. Due to hypertrophy of fat cells and the resulting poor 

vascularisation, areas within the adipocyte become hypoxic or necrotic resulting in increased 

release of proinflammatory mediators107 (Fig. 1). 

The increase in age-related senescent cells, senescence-associated secretory phenotype 

(SASP) or skewed redox balance are some of the other pathways whose disruption is also 

linked to the inflammaging phenotype. For example, aging leads to an accumulation of 

senescent somatic cells (SSCs), but diminished chemotaxis of immune cells to these SSCs and 

impaired phagocytosis of such SSCs for targeted killing leads to their accumulation and 

subsequent generation of somatic cellular SASPs47,108. SASPs secrete proinflammatory factors 

such as IL-6, IL-1β, matrix metalloproteases (MMPs), ROS and modulate tissue development48. 

Accumulation of SSCs and the accompanying increases in SASP factor damages tissues (Fig. 1). 

This effect was observed in IL-10 deficient (IL-10-/-) mice, which exhibit an aging phenotype 

with increased SSCs and SASP factors109  

Beyond SASP factors, mitochondrial dysfunction and ineffective autophagy due to 

inflammasome activation are involved in the increase of inflammatory mediators in the 

elderly. In aged cells, enlarged mitochondria lose structural integrity, but these aged 

mitochondria do not receive a lot of damage to their membranes and are therefore less 
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targeted for autophagy110. They accumulate in cells, produce a lot of damaging ROS, that 

stimulates the NLR family pyrin domain containing 3 (NLRP3) component of the 

inflammasome, inflammatory caspase-1 is recruited and cytokines like TNF, IL-1β and IL-6 are 

secreted111, thereby increasing the overall inflammatory state (Fig. 1). 

Another theory attributes inflammaging to the permissive nature of the gut in elderly 

individuals. It is believed that bacterial products frequently permeate the leaky gut barrier and 

enters the bloodstream more easily, thereby eliciting an immune response112. Another study 

reported that changes to the gut microbiome with a decrease in Bifidobacteria population and 

an increase in facultative anaerobes like Streptococci, Enterococci or Enterobacteria, are 

associated with increased IL-6 and IL-8 with age113. 

 

Figure 1. Factors causing or augmenting inflammaging 
Increase in total body fat mass with age is results in an increased release of inflammatory mediators that then 
cause damage to organs in close proximity to the fat cells. Impaired autophagy, increased DNA damage, and 
mitochondrial dysfunctions ultimately leads to the accumulation of senescent cells that secrete factors that 
make up senescence-associated secretory phenotype (SASPs) and can trigger the aging phenotype and cancer  
Diagram created with Biorender 

A commonality between these inflammaging inducing molecular pathways is the activation of 

NFκB and release of cytokines, most noticeable, IL-6 cytokine whose excessive production is a 

predictive factor for frailty114. Interestingly, not only are proinflammatory cytokines elevated 
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with age, but there are also reports of increased anti-inflammatory species like Interleukin 

receptor antagonist, soluble TNF receptor 1 (sTNFRI), sTNFRII and IL-10 in elderly 

individuals115,116, which are therefore considered markers for inflammaging because they 

increase concomitantly with proinflammatory mediators. The balance between pro- and 

anti-inflammatory cytokines could be used to predict healthy aging. 

1.4.1 IL-10  

Production of the homodimeric IL-10 is a complex process as a variety of stimuli induce its 

secretion from a vast number of haematopoietic and non-haematopoietic cells. For example, 

via signal transducer and activator of transcription factor (STAT) protein activation, cytokines 

such as IL-6, IL-21, IL-27, TGF- β and even IL-10 itself induce its production. 

As a potent anti-inflammatory mediator, IL-10 ensures the resolution of inflammatory 

responses and prevents immune-related pathology by activating STAT3 upon signalling 

through its two-receptor complex117. Although STAT3 is also activated following 

proinflammatory cytokine stimulation, its role in IL-10 immune suppression was highlighted 

when STAT3 was deleted from mouse macrophages and neutrophils as these mice developed 

colitis-like disease118. IL-10 inhibits major histocompatibility class (MHC)-II expression on APCs 

as well as prevents DC differentiation thereby preventing effective activation of TH1 or 

TH2-cells. It supresses TNF and IL-6 transcription through the action of miR-187 and represses 

CD28 thereby affecting signalling in CD4 cells119,120. Notably, IL-10 acts anti-immune as seen in 

the colitis model where transfer of IL-10-producing TR1 cells alleviates inflammation94.  

Circulating IL-10 levels are also influenced by aging. Where some studies report increased 

serum IL-10 in older mice and humans115,121, other report of a decrease in IL-10 levels in certain 

organs and tissue122 that could explain the increased inflammatory state with age. Indeed, 

proinflammatory cytokines like IL-6, TNF and IL-1β were increased when IL-10 was 

diminished123. A likely explanation for this discrepancy in results could be due the short 

half-life and rapid decay of IL-10124 which complicates its measurement.  

In humans, a single nuclear polymorphism (SNP) in the IL10 gene resulted in higher levels of 

secreted IL-10 that was associated with healthy aging, as centenarians with this SNP had a 

better aging profile and possessed more serum IL-10 in comparison to their frail 

counterparts103,104. It is however noteworthy, that disproportionately increased IL-10 levels 

could contribute to impaired immune responses to infections or vaccines. For example, in 

mice overexpressing IL-10, TB disease exacerbated and bacterial burden remained high 
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throughout infection125. IL-10 levels in serum samples of aged humans and mice are reportedly 

increased, but to date the cellular source of increased IL-10 in the context of aging has not 

been investigated. 

1.4.2 IL-6 

As stated above, immunosenescence results from an imbalance between inflammatory and 

anti-inflammatory mediators one such mediator that is increased with age is IL-6, a pleiotropic 

cytokine that is produced by haematopoietic cells like B-cells, macrophages, DCs and 

non-haematopoietic cells including fibroblasts, epithelial cells, and keratinocytes126. Under 

physiological conditions, IL-6 serum levels are extremely low, but this increases dramatically 

during inflammatory responses84.  

Following stimulation by a variety of external stimuli like LPS, IL-6 production is induced and 

its numerous functions are initiated when the heterotrimeric complex of IL-6, its receptor 

alpha (IL-6Rα) and the transmembrane protein gp130 is formed127 to enable either classical 

signal transduction via its membrane-bound receptor or trans-signalling via its soluble 

receptor. This complex in turn, orchestrates the transphosphorylation and activation of 

downstream targets that include the Janus tyrosine kinase (JAK1, JAK2, and TYK2) family, the 

STAT1 and STAT3, the Src homology 2-containing tyrosine phosphatase (SHP-2)/ ERK 

/mitogen-activated protein kinase (MAPK) pathways128 or the PI3K/Akt pathway129. 

Phosphorylation of STAT molecules or MAPK results in the transactivation of target genes. 

Whereas STAT signalling cascade is terminated in negative feedback mechanism, with the 

induction of suppressor of cytokine signalling (SOCS) 1 or SOCS3, ERK/MAPK and PI3K/Akt 

pathways are terminated by the action of dephosphorylating enzymes on their 

serine/threonine residues 

IL-6 governs many biological functions such as metabolism, tissue regeneration, immune 

development, and regulation. After its synthesis is triggered, it induces a range of acute phase 

proteins such as CRP, fibrinogen, and serum amyloid A (SAA). Persistent SAA production leads 

to the deposition of fibril amyloid in organs and this causes the deterioration of said organ130. 

By stimulating receptor activator of nuclear factor kappa-Β ligand (RANKL) production, IL-6 is 

responsible for the activation and differentiation of osteoclasts in bone marrow stomal cells131 

leading to bone resorption and osteoporosis. In the innate immune system, monocytes 

differentiation to macrophages instead of DCs is influenced by IL-6132, it supresses neutrophil 

infiltration while supporting the infiltration of mononuclear leucocytes133. IL-6 also acts on 
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adaptive immune cells by inhibiting apoptosis, facilitating T-cell survival by maintaining Bcl-2 

expression134 and downregulating Fas ligand (FasL) expression on CD4 T-cells, as well as 

promoting TH-cell differentiation. For example, IL-6 upregulates the secretion of IL-4 by 

inducing the expression of nuclear factor of activated T cells 2 (NFATc2); the secreted IL-4 then 

aids the differentiation effector TH2-cells135. The enhancing effects of IL-6 on TH2-cell 

differentiation may explain the bias towards a TH2 immune response in elderly individuals and 

the higher frequency of Tuberculosis infection occurrence in the aged population. IL-6 

indirectly diminishes TH1-cells via JAK/STAT signalling and the subsequent expression of 

SOCS1 which then inhibits IFNγ production136. IL-6 is a prerequisite for the differentiation of 

naïve CD4 cells to TH17-cells, it is therefore probable that IL-6 is also indirectly responsible for 

the increased TH17-induced chronic inflammation seen in the elderly137. IL-6 signalling 

through the JAK/STAT pathway can induce IL21 gene expression in CD4 cells, a crucial gene for 

TFH cell development in GCs. Induction of the IL21 gene aids the differentiation of activated 

B-cells into antibody producing plasma cells138,139, so that continuous IL-6 production might 

result in autoantibody production. Attributable to its pleiotropic nature, IL-6 is also involved 

in the differentiation of IL-10-producing Tregs and TR1 cells by promoting the production of 

IL-2795,140. 

Aging is associated with elevated serum IL-6 and is thus, implicated in the pathogenesis of 

many age-related diseases especially those resembling chronic inflammation or autoimmune 

disorders. However, there are important gaps in our knowledge on the role of IL-6 in 

modulating CD4 T-cell subsets that can impair immune responses in elderly individuals.  

1.4.3 IL-21 

Produced by CD4 cells, B-cells, dendritic cells, and natural killer T (NKT) cells, IL-21 is a 

pleiotropic cytokine with diverse effects on a wide range of immune and non-immune cells. It 

is thought to increase with age as a result of increased STAT4 phosphorylation in response to 

IL-1285. Like IL-6, IL-21 also activates pathways such as the JAK/STAT, PIP3K/Akt and the 

ERK/MAPK pathways leading to proliferation and IFNγ secretion from NK cells141. 

IL-21 acts mostly on B-cells as evidenced by IL-21 receptor deficient mice, which had normal 

lymphoid population in the thymus but developed abnormalities in their B-cell function with 

elevated IgE and decreased IgG2b and IgG3142. By inducing B lymphocyte-induced maturation 

protein (Blimp)-1, IL-21 via JAK/STAT signalling causes B-cell terminal differentiation to plasma 

cells. Given its role in B-cell development and antibody production, increased IL-21 production 
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could exacerbate the generation of autoantibodies, as experiments in NOD mice with 

increased pancreatic IL-21 resulted in a type-1-diabetes-like phenotype143. Similarly, BXSB-Yaa 

mice developed severe lupus with increased IL-21 production144. Corresponding to mice 

studies, humans with systemic lupus erythematosus also have elevated IL-21 suggesting that 

uncontrolled IL-21 production increases the risk of developing autoimmune disorders145. IL-21 

modulates TH1 differentiation by supressing eomesodermin, a T-box transcription factor, 

thereby strengthening TH2 responses71. IL-21 contributes to inflammatory response through 

its IL-21/STAT3 axis and is essential for IL-17 expression from TH17-cells. Indeed mice deficient 

in IL-21, its receptor-α or the nuclear receptor RORγt lacked in TH17-cell population146. IL-21 

also activates IFNγ genes when STAT proteins bind the IFNγ response elements and augments 

inflammatory processes by increasing infiltrating neutrophil, NK-cells and CD8 cells in vivo147, 

suggesting that increased secretion of IL-21 in aging amplifies the proinflammatory phenotype 

and increases the production of defective antibodies in the elderly. Conversely, IL-21 also has 

negative effects on immune cells by inhibiting DC maturation, increasing B-cell apoptosis and 

increasing IL-10 production in T-cells. In mice deficient of IL-21, IL-10 production was reduced 

while in IL-21 transgenic models, IL-10 production increased148. Moreover, IL-21 induction is 

necessary for the generation of IL-27 induced TR1 cells and simulation of TCR in the presence 

of IL-21 increased IL-10 production in already committed TH-cells148. However, our knowledge 

on how IL-21 influences CD4 T-cell immune responses during aging and immunosenescence is 

still under investigation. 

1.4.4 IL-27  

Belonging to the IL-12 super family, IL-27 is a heterodimeric cytokine comprising of a p28 and 

an Epstein-Barr virus-induced gene 3 (EBI3) subunits that can be secreted independently from 

one another149. IL-27 is mainly produced by activated macrophages and dendritic cells with 

one study reporting production in CD4 T-cells during infection150.  

Like IL-6, the receptor complex for IL-27 is made up of an IL-27Rα [also known as WSX-1 or 

type I T cell cytokine receptor (TCCR)] and a gp130 subunit, whereby expression of IL-27Rα is 

limited to naïve and memory B- and T-cells, resting NK cells, NKT-cells and Treg149. IL-27 binds 

to the IL-27Rα with low affinity, however, signalling begins only when gp130 is present. The 

binding of the cytokine to its receptor subunits results in the phosphorylation of tyrosine 

residues, the recruitment of JAK kinases and a subsequent phosphorylation of STAT 

(predominantly STAT1) proteins149.  
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At its discovery, IL-27 was classed as an inflammatory cytokine due to its ability to stimulate 

IFNγ production in TH1-cells by upregulating Tbet and IL-12Rβ2 chain151. It also induces 

granzyme B and perforin production in CD8 T-cells in a STAT1-dependent manner152. 

Conversely, other studies have revealed its anti-inflammatory properties. For example, IL-27 

is thought to attenuate TH1, TH2 and TH17 immune responses by generating a Tbet+ Treg 

subset and suppressing the expression of GATA3 and RORγt, respectively73. It is also involved 

in the generation of Foxp3 negative regulatory TR1 cells95. 

Elevated systemic IL-27 levels are considered a good biomarker for early detection of 

cardiopulmonary failure153. In addition, high IL-27 levels in elderly patients correlated with a 

more severe disease course and longer hospital stays in COVID-19 patients, as IL-27 is thought 

to influence T-cell responses by upregulating inhibitory receptors such as T cell 

immunoreceptor with immunoglobulin and ITIM domain (TIGIT) or T-cell immunoglobulin and 

mucin domain-containing protein (TIM) 3 and activating IL-10 production154. Whether IL-27 is 

increased with age and promotes increased IL-10 production by subsets of regulatory CD4 

cells that favour the immunosenescent phenotype is still unknown. 

Overall, inflammaging leads to dysregulated cytokine production. Of note here is IL-10, which 

has a significant inhibitory effect on T-cells. However, the cellular source of this cytokine in 

elderly individuals has not been carefully studied, and its interaction with other cytokines 

during aging is not known. Furthermore, how this dysregulated cytokine network affects the 

immune response after infection has also not been investigated. 
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1.5 Aims 

Previous work describes how changes to the immune system with age elicits an underlying 

proinflammatory state skewing cytokine production. As a consequence of the age-related 

increase in proinflammatory mediators, anti-inflammatory cytokines such as IL-10 are 

reported to also increase with age. Although IL-10 most likely has a detrimental effect on the 

protective immune response in the elderly, deciphering the complex interplay between 

cytokines that induce IL-10 and its cellular sources during aging remains a major challenge. 

The work in this thesis identified CD4 T-cells as a potential source for the increased IL-10 

production in old age. CD4 T-cells are at the core of the adaptive immune response and 

produce different helper phenotype subsets. It is unclear which subset of CD4 T-cells are 

responsible for the increased IL-10 production in aging. Therefore, the work in this thesis 

aimed to: 

 Characterise the CD4 T-cell subset(s) responsible for increased IL-10 with age  

 Identify other cytokine pathways involved in modulating IL-10 production with age 

 Investigate whether these IL-10-producing cells also increased in the lungs of old 

Mtb-infected mice and can altering the frequency of these IL-10-producing cells 

improve immune response
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Consumables and supplies 

Unless stated otherwise, the disposable plastics used were obtained from Sarstedt 

(Nümbrecht, Germany), Sigma-Aldrich® (München, Germany) and Merck Millipore 

(Darmstadt, Germany). 

2.1.2 Apparatus 

Table 2: Apparatus used for the experimental procedures 
Device Supplier 
Canto II BD USA 
Fortessa I & II BD, USA 
Lightcycler 480 Roche, Switzerland 
LSRII BD, USA 
Centrifuges Hettich Lab Technology, Germany 
TECAN reader infinite 200 Tecan Trading AG, Switzerland 
Sterile hood Thermo Fisher Scientific, USA 
Coulter counter Beckmann, USA 
V-cell counter Beckmann, USA 
Microscope Olympus corporation, Japan 
MSD reader Mesoscale, USA 
Thermocycler Bio-Rad Laboratories GmbH, USA 
FACS aria sorting BD, USA 
Vortex mixer Scientific Industries Inc., USA 
Water bath Gesellschaft für Labortechnik GmbH, 

Germany 

2.1.3 Antibodies 

Table 3: Antibodies for flow cytometry 
Antibody Clone Isotype Fluorochrome Concentration 

[µg/mL] 
Supplier 

CD3ε 145-2C11 Ar Ham IgG Purified 5 BioLegend 
CD4 RM 4-5 Rat IgG2a, κ BUV395 0.67 BD 
CD4 RM 4-5 Rat IgG2b, κ V450 0.16 BD 
CD4 RM 4-5 Rat IgG2a V500 0.31 BD 
CD8a 53-6.7 Rat IgG2a, κ BUV395 0.67 BD 
CD28 37.51 Syrian Ham IgG Purified 5 BioLegend 
CD44 IM7 Rat IgG2b, κ FITC 0.78 BioLegend 
CD62L MEL-14 Rat IgG2a, κ PE 0.31 BD 
CD90.2 53-2.1 Rat IgG2a APC-eFlour780 0.16 eBioscience 
CXCR5 L138D7 Rat IgG2b, κ PE-Cy7 2.50 BioLegend 
CXCR5 L138D7 Rat IgG2b, κ BV421 1.33 BioLegend 
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Antibody Clone Isotype Fluorochrome Concentration 
[µg/mL] 

Supplier 

CXCR5 L138D7 Rat IgG2b, κ BV650 1.00 BioLegend 
EGR2 erongr2 Rat IgG2a, κ APC 2.00 eBioscience 
2° 
antibody 

 Goat IgG 
F(ab')2  

Alexa Flour 647 0.40 abcam 

FoxP3 FJK-16s Rat IgG2a eFlour450 1.33 eBioscience 
FoxP3 FJK-16s Rat IgG2a FITC 1.33 eBioscience 
FoxP3 FJK-16s Rat IgG2a PE-Cy7 1.00 eBioscience 
GP130 KGP130 Rat IgG2a, κ APC 1.33 eBioscience 
IFNγ XMG1.2 Rat IgG1 PE 2.00 BioLegend 
IFNγ XMG1.2 Rat IgG1 BV650 1.33 BD 
IFNγ XMG1.2 Rat IgG1 APC 0.63 BioLegend 
IFNγ XMG1.2 Rat IgG1 PE-Cy7 1.00 BioLegend 
IL-2 JES6-5H4 Rat IgG2b APC 1.25 BD 
IL-6R D7715A7 Rat IgG2b, κ PE 2.00 BioLegend 
IL-10 JES5-16E3 Rat IgG2b PE 2.00 BioLegend 
IL-17A eBio17B7 Rat IgG2a, κ PerCP-Cy5.5 0.63 eBioscience 
IL-27 B02P6E6 Rat IgG2a, κ Biotin 0.40 BioLegend 
LAG3 C9B7W Rat IgG1, κ PerCP-Cy5.5 2.00 BioLegend 
LAG3 C9B7W Rat IgG1, κ APC 2.00 eBioscience 
LAG3 C9B7W Rat IgG1, κ PE-Cy7 2.00 eBioscience 
LAG3 C9B7W Rat IgG1, κ BV510 2.00 BD 
cMAF sym0F1 Mouse IgG2b, κ PerCP-eFlour710 1.50 eBioscience 
PD-1 RMP1-30 Rat IgG2b, κ PE-Cy7 1.25 BioLegend 
PD-1 29F.1A12 Rat IgG2a, κ PerCP-Cy5.5 2.00 BioLegend 
pSTAT1 D4A7 Rabbit IgG1  5 abcam 
pSTAT3 D3A7 Rabbit IgG1  5 abcam 
TCR-β 
chain 

H57-597 Ar Ham IgG2, 
λ1 

BV711 0.67 BD 

TNF-α MP6-XT22 Rat IgG1 PE-Cy7 0.16 BioLegend 
 

Antibody Catalogue 
Number 

Isotype 
 

Concentration 
[µg/mL] 

Supplier 

IL-21R Fc 
Chimera 

596-MR Mouse IL-21 subunit/Human IgG1 2.00 R&D 
systems 

2.1.4 Buffers, Media, & Reagents 

Table 4: Solutions 
Solutions & reagents Composition Supplier 
Aqua destillata 
(ddwater) 

 Research centre 
Borstel, Germany 

Aqua B. Braun   BǀBraun, Melsungen, 
Germany 

Agarose  PEQLAB, Germany 
Brefeldin A  BioLegend, USA 
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Solutions & reagents Composition Supplier 
Blocking buffer (v/v) 25 µg/mL purified 

anti-CD16/CD32 
1% Hamster serum 
1% Mouse serum 
1% Rat serum 

Flow cytometry buffer 
(v/v) 

BioLegend (clone 
2.4G2) 
Jackson Immo 
Research, USA 
PAA, UK 
PAA, UK 

Digestion medium 
(Lung) 

10% FCS 
1% (2mM) L-Glutamine 
1% 
Penicillin/Streptomycin 
1mM Sodium pyruvate 
RPMI medium 
0.7 mg/mL collagenase A 
30 µg/mL DNAse I 

PAA, UK 
Biochrom AG, Germany  
Biochrom AG, Germany  
Biochrom AG, Germany  
Biochrom AG, Germany  
Roche, Switzerland 
Sigma-Aldrich, USA 

Dulbecco’s complete 
medium (DMEM) 

DMEM 
10% FCS 
1% (2mM) L-Glutamine 
1% 
Penicillin/Streptomycin 

Gibco®, USA 
PAA, UK 
Biochrom AG, Germany 
Biochrom AG, 
Germany 

ELISA stop solution 1M H2SO4  
ELISA wash buffer 0.05% Tween-20 

1x PBS 
Roth Germany 
Gibco®, USA 

Fetal Calf Serum (FCS)  PAA, UK 
Florescence Associated 
Cell Sorting (FACS) 
buffer 

1x PBS 
1% FCS 

Gibco®, USA 
PAA, UK 

Flow cytometry buffer 
(v/v) 

1x PBS  
0,1% NaN3  
3% FCS 

Roth, Germany 
Roth, Germany 
Roth, Germany 

FoxP3 staining & 
fixation buffer 

 eBioscience, USA 

HEPES  Gibco®, USA 
IMDM complete 
medium 

10% FCS 
1% (2mM) L-Glutamine 
1%Penicillin/Streptomycin 
IMDM (Iscove’s modified 
Dulbecco’s) medium 

PAA, UK 
Biochrom AG, Germany  
Biochrom AG, Germany  
Gibco®, USA 

Magnetic associated cell 
sorting (MACS) Buffer 

PBS (without Ca2+ and 
Mg2+) 
2 mM EDTA 
0.5 % BSA 

Gibco®, USA 
Roth, Germany 
PAA, UK 

Monensin  BioLegend 
10x Phosphate-buffered 
saline (PBS) without 
Ca/Mg 

 Gibco®, USA 
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Solutions & reagents Composition Supplier 
Red cell lysis buffer 156 mM NH4Cl 

0.13 mM EDTA 
12 mM NaHCO3 
H2O  

Merck, Germany 
Roth, Germany 
Merck, Germany 
Braun, Germany 

Resuspension medium 
(Differentiation 
medium) 
 

RPMI 1640 with HEPES 
10 % FCS 
1 Penicillin/Streptomycin 
1 % (2mM) L-Glutamine 
50 μM 2-Mecptoethanol 
GM-CSF 

Gibco®, USA 
PAA, UK 
Biochrom AG, Germany 
Biochrom AG, Germany 
Milipore, USA 
BioLegend 

RPMI 10% FCS 
1% (2mM) L-Glutamine 
1% 
Penicillin/Streptomycin 

PAA, UK 
Gibco®, USA 
Biochrom AG, Germany  

RNAse AWAY  Molecular Bioproducts, 
USA 

TRIzol reagent  Thermofisher 
Scientific, USA 

Wash buffer- Hanks 
balanced salts (HBSS) 

3% FCS 
HBSS 

PAA, UK 
Gibco®, USA 

2.1.5 Kits 

Table 5: Kits for qRT-PCRs and ELISAs 
Kits Supplier 
IL-6 receptor alpha ELISA kit R & D Systems Biotechne, USA  
MSD multiplex assay ELISA kit Mesoscale, USA 
RNeasy Mini kit Qiagen, Netherland 
sgp130 ELISA kit R & D Systems Biotechne, USA 
Reverse transcription kit  E6300s BioLabs, USA 

2.1.6 Enzymes, Primers and Cytokines 

Table 6: qRT-PCR primers and cytokines  
Enzyme Supplier 
Superscript II Reverse Transcriptase 
(10000 U) 

Invitrogen, USA 

Primers Sequence 
IL-6 Primer Forward- 5-AACGATGATGCACTTGCAGA-3′

Reverse- 5-TGGTACTCCAGAAGACCAGAGG-3′ 
IL-10 Primer Forward- 5′-GCTCTTACTGACTGGCATGAG-3′

Reverse- 5′-CGCAGCTCTAGGAGCATGTG-3′ 
S-14 Primers Forward- 5-GAGGAGTCTGGAGACGACGA-3′

Reverse- 5-TGGCAGACACCAAACACATT-3′ 
Recombinant cytokines Supplier 
IL-6 BioLegend, USA 
IL-27 R & D Systems Biotechne, USA 
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2.1.7  Bacterial strain and culture 

Mtb H37Rv was cultured at 37°C in a Middlebrook 7H9 broth supplemented with 10% 

oleicacid-albumin-dextrose-catalase (OADC), 0.05% Tween 80 and 0.5% glycerol untill the 

mid-logarithmic phase (2.5 x 108 bacteria/mL) by Silvia Maaß (RCB) and stored at -80°C for 

further use. 

2.1.8 Experimental animals 

Mice used in all experiments were approved of by the “Ministerium für Landwirschaft Umwelt 

und ländliche Räume des Landes Schleswig-Holsteins (Kiel, Germany)” ethics committee for 

animal Experiments under the reference number (Ref. №): V241 – 51057/2017 (109-8/17) and 

by the “Intuitional Animal Care and Use Committee” at the Cincinnati Children’s Hospital 

Research foundation (Ref. №: IACUC 2016-0087). 

In the present thesis, young mice are classified as 4 weeks (Wks) old — ≤ 4 months (mths) old 

while aged mice are classified as ≥ 12 months old 

Animals were bred and kept in pathogen-free conditions, while the animals to be infected 

were housed in biosafety level 3 (BSL-3) containment areas in individually ventilated cages 

(IVCs) 

The mice used in all experiments were of a C57BL/6 genetic background (Table 7). 

Table 7: Mouse strains and suppliers  
Mice strains  Supplier 

C57BL/6 National Institute of Health (NIH), USA or in house breeding at the 
Research Centre Borstel (RCB), Germany 

CD19 cre IL-10f/f Rudolf Manz (Institute for Systemic Inflammation Research-ISEF, 
Universität zu Lübeck), Germany 

FoxP3DTR David Hildeman (Division of Immunobiology, 
Cincinnati Children´s Hospital Medical Centre, Cincinnati), USA 

IL-6-/-  David Hildeman (Division of Immunobiology, Cincinnati Children´s 
Hospital Medical Centre, Cincinnati), USA 

IL-6Rαf/f CD4 CreERT2 David Hildeman (Division of Immunobiology, Cincinnati Children´s 
Hospital Medical Centre, Cincinnati), USA 

P25KtkC45Z In house breeding at the Research Centre Borstel (RCB), Germany 

PEPCU-sgp130 FC Christoph Garbers (Otto-von-Guericke-Universität Magdeburg 
Institut für Pathologie) Magdeburg 

STAT3f/f CD4 CreERT2 David Hildeman (Division of Immunobiology, Cincinnati Children´s 
Hospital Medical Centre, Cincinnati), USA 

IL-21-/- David Hildeman (Division of Immunobiology, Cincinnati Children´s 
Hospital Medical Centre, Cincinnati), USA 

IL-27Rα-/- In house breeding at the Research Centre Borstel (RCB), Germany 
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2.2 Methods 

2.2.1 in vivo animal experiments 

2.2.1.1 Aerosol infection 

To determine the concentration of the H37Rv aliquot used, a thawed aliquot was mixed 10 

times using a 26G-needle (Braun) to thoroughly break-up any aggregates and then diluted to 

a concentration of 2.5 x 106 bacteria in 6 mL 0.05% Tween80 (Roth) ddH2O (aqua B.Braun). A 

10-fold serial dilution is then performed with 0.5 mL of this solution and 100 µL of the serial 

dilutions are plated out on 7H10 agar plates supplemented with bovine serum, followed by 

incubation at 37°C and 5% CO2 (HERAcell 150i CO2 incubator, Thermo Scientific) for 21 days. 

The remaining 5.5 mL solution was drawn-up into a 10 mL syringe with an 18G needle, placed 

in a transport box, transferred to the aerosol machine (Modell 099C A4224, Glas-Col®, Terre 

Haute, USA) and used to infect the mice with 100 CFU of the Mtb strain H37Rv. To achieve 

this, the mice were placed in the aerosol machine in individual aerosol chambers (Marine & 

Industrie Technik, Hamburg, Germany) and the 5.5 mL bacterial solution was then injected 

into the nebuliser (Glas-Col®). The programme was then run with a flow rate for the main air 

flow at 60 CFH (cubic feet per hour, = 1.68 m3/h) and with a flow rate of 11 CFH (0.28 m3/h) 

for the compressed air to nebulize the infectious solution. For the infection, 15 minutes of 

warm-up, 40 minutes of nebulisation, another 40 minutes of cloud decay (aspiration) and 

finally 15 minutes of decontamination were set. After which, the mice were removed and 

transferred back into IVCs. One day after infection, 2 mL of 0.05% Tween80 (Roth) ddH2O 

(aqua B.Braun) lung homogenates from 4 infected mice were plated out on 7H10 agar plates 

supplemented with 10% bovine serum and cultured at 37°C 5% CO2 for 21 days to verify the 

dose of infection. 

2.2.1.2 Scoring 

The Morton and Griffith scoring system155 was used to assess the disease severity. Mice were 

examined regularly and scored on a scale of 1—5 based on their weight, appearance and 

behaviour (Table 8). Mice with a score of 3.5 were classified as moribund and therefore 

euthanised and processed before the originally scheduled end of experiment date. 
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Table 8: Scoring system 
Score Activity Weight loss Behaviour General condition 

1 Very active Increase or 

no change 

Normal. e.g. Tail movement, 

curiosity 

Shiny clean coat, clear 

eyes 

2 Active < 10 % Slight deviation from normal  Increase or decrease in 

self-grooming 

3 Less active 10 – 20 % Limited motor skills Self-neglect, dull coat 

increased twitching  

4 Sluggish 

movements 

20 – 30 % Dirty fur, sticky or moist body 

openings, cloudy eyes 

Self-isolation, lethargy, 

coordination disorder 

5 Lethargic > 30 % Cramping, paralysis, animal is 

cold to touch 

Painful noises when 

held, auto-aggression  

2.2.1.3 Harvesting of organs from Mtb infected mice for CFU counts and Flow cytometry 
analysis 

At indicated timepoints or in the case of moribund mice, the bacterial load as well as the 

immunological responses in various organs of the infected mice were determined. Using 

standard procedures approved under animal welfare regulations, the mice were killed in a CO2 

chamber. Euthanised mice were fixed dorsally recumbent on a dissection board. For 

genotyping of the mice, a piece of tail was cut off, placed in a 1.5 mL Eppendorf tube and 

stored at -80°C. Using a pair of scissors and forceps, an incision was made along the entire 

length of the ventrum to expose the abdominal cavity, the viscera were pushed aside and 

approximately 1 mL of blood was then drawn from the inferior vena cava and transferred into 

serum separator tubes (KABE LABORTECHNIK GmbH). The serum separator tubes were then 

centrifuged for at 6000 rpm and 4°C for 10 minutes. The serum was stored in separator tubes 

at -80°C for further analysis.  

One group of mice was used to determine the bacterial load, while another group was used 

to analyse the immunological responses to Mtb infection. To determine the bacterial burden 

in the Lungs, the rib cage was cut open, whole Lung tissue was removed, weighed then divided 

up for use in different analysis. The left Lung lobe was weighed again and placed in a tube 

containing 3 mL PBS mixed with protease inhibitor (Roche) and homogenised, while for the 

determination of bacterial load in spleen, half of the spleen was put into a tube containing  

8 mL 0.05% Tween80 (Roth) ddH2O (aqua B.Braun) for homogenisation. 
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To prepare lung single cell suspensions, the inferior vena cava was first severed and the lung 

perfused with 5 mL of 1x PBS (37°C) through the right ventricle with a 25G needle (BD) until 

all the blood was flushed out. After perfusion, the Lung was excised and placed in a petri dish 

with 1 mL of 1x PBS. Using scalpels (Paragon®, Sheffield, UK), the lung was cut up into small 

pieces and transferred to a 50 mL Falcon tube filled 10 mL digestion medium. The lungs were 

then digested in a water bath shaker (TW20, Julabo, Seelbach, Germany) at 37 °C for 2 hours. 

The spleen was also removed from the mice and transferred to 15 mL flask tubes filled with  

5 mL HBSS wash buffer. 

2.2.1.4 Determination of bacterial burden in the lungs and the spleen 

After whole lung tissue was collected and weighed, the lung was then divided up into its 

different lobes. The left lung lobes were transferred into FastPrep tubes (Sarstedt) containing 

6 ceramic beads (MP Biomedicals) and 3 mL of 1x PBS + protease inhibitor (Roche), while 

spleens were also transferred into FastPrep tubes with 5 ceramic beads (MP Biomedicals) and 

8 mL of 0.05% Tween80 (Roth) ddH2O (aqua B.Braun). The organs were subsequently 

homogenized with the FastPrep®-24 homogenizer (MP Biomedicals). From the homogenate, 

0.5 mL was taken and a 10-fold serial dilution in 0.05% Tween80 ddH2O was performed. A 

volume of 0.1 mL of each dilution was plated out on a Middlebrook 7H10 agar plate and 

incubated at 37°C and 5% CO2 (HERAcell 150i CO2 incubator, Thermo Scientific). Colony 

forming units (CFU) were counted at 21-, 42-, 49-, 72- and 84-days post infection. The bacterial 

burden was then calculated based on CFU and organ weight. 

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 = 𝑣𝑜𝑙 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑎𝑡𝑒 × 𝐶𝐹𝑈. 𝑁𝑟 × 𝑛 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛ଵ଴ ൬
 𝑡𝑜𝑡𝑎𝑙 𝑜𝑟𝑔𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡

𝑜𝑟𝑔𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑙𝑎𝑡𝑒𝑑 𝑜𝑛 𝑎𝑔𝑎𝑟
൰ 

2.2.1.5 Single cell suspension for Flow cytometry 

MHC II tetramer I-Ab ESAT6(4-17) APC (1.6 mg/mL, QQWNFAGIEAAASA) was purchased from the 

NIH Tetramer Core Facility at Emory University Atlanta, USA, while the ESAT-61-20 peptide was 

a gift from Rainer Bartels (RBC). 

2.2.1.5.1 Lung 

After lung digest, the tissue was filtered through a 100 µm sieve (Corning®) into a 50 mL Falcon 

tube using a 5 mL syringe plunge and HBSS wash buffer. The resulting single cell suspensions 

were centrifuged (1200 rpm, 10 minutes, 4°C.) and the supernatant was discarded. The cells 

were briefly resuspended (20—30 secs) in 3 mL red cell lysis buffer and immediately filled to 

30 mL with wash buffer to stop the reaction. The cells were again centrifuged (1200 rpm,  
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10 minutes min, 4°C.) and the supernatant discarded. The cells were then resuspended in  

2—5 mL of IMDM complete medium (Iscove’s medium) and the cell number was determined. 

After counting, a total of 1 × 10଺ − 2 × 10଺ cells were seeded in 96-well flat-bottom plates 

(Costar®, Corning Incorporated), polyclonally stimulated for 5 hours using anti-CD3/CD28 

antibodies (5 µL/mL in PBS), or antigen-specific stimulated with STCF (10 µg/ml in IMDM) for 

1 hour or ESAT-61-20 peptide (5 µg/mL in IMDM) for 1 hour 15 minutes and stained for flow 

cytometry (see section 2.2.2.2.4 below). 

2.2.1.5.2 Spleen 

Spleens were filtered through a 100 µm sieve (Corning®) with the aid of a 5 mL syringe plunge 

and HBSS wash buffer into a 50 mL Falcon tube. The single cells were then centrifuged (1200 

rpm, 10 minutes, 4°C.) and the supernatant discarded. Erythrocytes were lysed by adding 5 

mL of red cell lysis buffer for 2 minutes. The reaction was stopped by filling the tube to 30 mL 

with wash buffer and centrifuging (1200 rpm, 10 minutes, 4°C.). These cells were subsequently 

resuspended in 2 mL of IMDM complete medium and counted. After counting, a total of 2 x 

106 cells was seeded into 96-well flat-bottom plates (Costar®, Corning Incorporated), 

polyclonally stimulated using anti-CD3/CD28 antibodies (5 µL/mL in PBS) for 5 hours or STCF 

(10 µg/ml in IMDM) for 1 hour or ESAT-61-20 peptide (5 µg/mL in IMDM) for 1 hour 15 minutes 

and stained for flow cytometry (see section 2.2.2.2.4 below). 

2.2.1.5.3 Cell counts 

An automated Vi-CELL® counter was used to calculate the number of cells recovered from the 

lung or spleen. Resuspended cells were diluted 1:20 in FACS buffer to a final volume of 0.5 mL 

in cell counter tubes (Beckmann Coulter, Miami). After counting, between 1 × 10଺ − 2 × 10଺ 

cells were seeded into wells for flow cytometry experiments. 

2.2.2 in vitro animal experiments 

2.2.2.1 Harvesting Organs for quantitative Real Time Polymerase Chain Reaction 
(qRT-PCR) 

Using standard procedures approved under animal welfare practices, young mice or aged mice 

were sacrificed. Euthanised mice were fixed dorsally recumbent on a dissection board. For 

real-time quantitative polymerase chain reaction (qRT-PCR) the spleen, lymph nodes, liver, 

gut, brown adipose tissue, epididymal and inguinal white adipose tissue were removed. All 

organs apart from the gut were immediately flash frozen in liquid nitrogen then stored at  
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-80°C. Using a 5 mL syringe, the contents of the gut were flushed out with saline before being 

stored at -80°C. For RNA extraction, organs or tissue were transferred into 2 mL Eppendorf 

tubes filled with 1.5 mL TRIzol (ThermoFisher Scientific) and a steel bead for homogenisation. 

RNA extraction was performed using RNeasy Mini kit (Qiagen) according to the manufacturer's 

instructions and quantified via nanodrop. 2 µg of DNase-treated RNA was then reverse 

transcribed to cDNA (BioLabs) according to the manufacture’s protocol. The cDNA was 

analysed using a Sybr green (Roche) based qRT-PCR to detect mRNA expression of IL10 and 

IL6 in young and old mice. A master mix containing 5 µL LightCycler® 480 SYBR Green I Master 

Mix, 20 µM forward and reverse primer and 2.5 µL RNase free water was prepared and 8 µL 

was pipetted into a LightCycler® 96-well plate (Roche) and mixed well with 2 µL cDNA. A 

serially diluted internal standard (1:5, 1:10, 1:20, etc) as well as a negative control of water 

was pipetted into the LightCycler® 96-well plate (Roche) and measured on the LightCycler® 

480. Analysis was performed with the LightCycler® 480 software (LCS480 1.5.0.39). 

2.2.2.2 Flow cytometric experiments   

Spleen tissue was filtered through a 100 µm sieve (Corning®) using a 5 mL syringe plunge being 

and HBSS wash buffer into a 50 mL Falcon tube. The single cells were centrifuged (1200 rpm, 

10 minutes, 4°C.) and the supernatant discarded. Erythrocytes were lysed in 5 mL red cell lysis 

buffer for 2 minutes and the reaction was stopped by filling the tube to 30 mL with wash buffer 

and centrifuging (1200 rpm, 10 minutes, 4°C.). Depending on further analyses, the cells were 

resuspended in either 2 mL MACS or IMDM buffer, counted using a Neubauer counting 

chamber or a coulter counter (Beckman) and adjusted to 2 × 10଺/𝑚𝐿. 

Neubauer Chamber: ቀ
௖௢௨௡௧ଵା௖௢௨௡௧ଶ

ଶ
ቁ × 𝑑𝑖𝑙𝑢𝑡. 𝑓𝑎𝑐𝑡.  × 104 =

𝑐𝑒𝑙𝑙𝑠

𝑚𝐿
 

 
Coulter Counter method: (𝑐𝑜𝑢𝑛𝑡 1 + 𝑐𝑜𝑢𝑛𝑡 2)  × 1000 =

 ௖௘௟௟

௠௅
 

2.2.2.2.1 Magnetic Activated Cell Sorting (MACS): 

POSITIVE SELECTION CD4 (L3T4 Milteny Biotec): - here the CD4 T-cells are magnetically labelled 

and held in the column. The unlabelled cells drain out with the flow through and when the 

column is removed from the magnet field, the labelled CD4 cells can be collected. 

Cells were centrifuged at 300 x g for 10 minutes, the supernatant was discarded and 90 µL of 

MACS buffer per 1 x 107 cells was used to resuspend the cells. 10 µL CD4 microbeads for 

magnetic labelling were then added to the resuspended cells and incubated for 15 minutes. 
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After magnetic labelling, 107 cells were washed in 1 mL buffer at 300 x g for 10 minutes. A 

maximum of 108 cells were resuspended with 500 µL MACS buffer and then transferred to LS 

columns in a magnetic field that had been pre-washed with 3 mL MACS buffer. After 

separation, cells were resuspended in sort buffer (1 x PBS + 1% FCS) and sorted into different 

CD4 T-cell populations on the FACS Aria (BD). 

NEGATIVE SELECTION CD4 (130-104-454 Milteny Biotec): - the difference to positive selection 

is that all lymphocytes other than CD4 T-cells are magnetically labelled and are held back in 

the magnetic field while the unlabeled CD4 cells flow through the column  

Cells were centrifuged at 1500 rpm for 5 minutes at 4°C, supernatant was discarded and for 

every 1 x 107 cells, 40 µL of MACS buffer was used to resuspend the cells. 10 µL of a biotin 

antibody cocktail was added to the resuspended cells and incubated for 5 minutes at 4°C. 

Next, 30 µL of buffer per 10⁷ total cells was added, followed by 20 µL of 

streptavidin-conjugated MicroBeads per 10⁷ total cells. This mixture was further incubated for 

10 minutes at 4°C and then transferred to LS columns in a magnetic field that had been 

pre-washed with 3 mL MACS buffer to separate CD4 cells from the other lymphocytes. After 

separation, enriched CD4 T-cells were washed in MACS buffer at 1500 rpm for 5 minutes at 

4°C. and resuspended in sort buffer (1 x PBS + 1% FBS) and sorted into different CD4 T-cell 

populations on the FACS Aria (BD). 

The LS column was removed from the magnetic field, placed onto a new 15 mL Falcon tube 

and the plunge used to flush out all other magnetically labelled lymphocytes. In the 

proliferation assay experiments, these magnetically labelled cells were irradiated and served 

as APCs in the experiment. 

2.2.2.2.2 Phorbol 12-myristate 13-acetate and ionomycin stimulation 

In 96-well flat-bottomed plates, 30µL of 2 x 106 lymphocyte cells were stimulated in a 30 µL 

mixture of 25 ng/mL phorbol 12-myristate 13-acetate and 500 ng/mL ionomycin 

(PMA/Iono- Sigma Aldrich) for 1 hour at 37°C and 5% CO2 (HERAcell 150i CO2 incubator, 

Thermo Scientific). After the hour, a 20 µL mixture of a 5-fold concentrated 

Monensin/Brefeldin A (Mone/Bref A- BioLegend) was added to each well and incubated for a 

further 4 hours at 37°C and 5% CO2.  
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2.2.2.2.3 Lipopolysaccharide (LPS) Stimulation  

Single cell suspension from spleen cells were obtained and 2 x 106 splenic lymphocyte cells 

were seeded in a 96-well flat-bottomed plate and stimulated with 1µg/mL LPS (Sigma Aldrich) 

for 24 hrs. 4 hours before the end of the incubation period, a mixture of Brefeldin A was added 

to the wells to block protein transport. For mock-stimulation, a buffer without LPS was added 

to the cells similar to stimulation conditions. Cells were incubated at 37°C and 5% CO2 

(HERAcell 150i CO2 incubator, Thermo Scientific). At the end of the incubation period, cells 

were spun down (1500 rpm, 5 minutes, 4°C), supernatant was collected and stored at -80°C 

and cells were stained for intracellular flow cytometry  

2.2.2.2.4 Florescent antibody labelling: surface and intracellular stains 

At the end of stimulations, cells were washed twice in a final volume of 200 µL FACS buffer 

(1200 rpm, 10 minutes, 4°C) and blocked with 20 µL of blocking buffer for 20 minutes at 4°C. 

After the blocking step, surface epitopes were stained with 80µL of a cocktail of fluorescently 

labelled antibodies for 45 minutes at 4°C. Thereafter, cells were washed twice in a final volume 

of 200 µL FACS buffer (1200 rpm, 10 minutes, 4°C) and were then fixed in 100µL methanol-free 

2% PFA or a 1-fold solution of FoxP3 fixation buffer (eBioscience) for 45 minutes at 4°C. After 

fixation, cells were washed twice in a final volume of 200 µL FACS buffer (1200 rpm, 10 

minutes, 4°C), permeabilised with 100 µL permeabilization buffer (eBioscience) for another 45 

min at 4°C. Following one wash step in a final volume of 200µL permeabilization buffer, cells 

were labelled with fluorescently antibodies for another 45 min at 4°C to detect intracellular 

epitopes. After this labelling step, cells were washed twice in permeabilization buffer (1200 

rpm, 10 minutes, 4°C; final volume 200 µL) and then resuspended in 200 µL FACS buffer for 

measurement on a flow cytometer. 

2.2.2.2.5 pSTAT stimulation and florescent labelling 

1 x 106 splenic lymphocyte cells were stimulated with 100µL 20 ng/mL murine IL-6 cytokine or 

hyper IL-6 (HyIL-6) for 30 minutes at 37°C and 5% CO2 (HERAcell 150i CO2 incubator, Thermo 

Scientific). After stimulation cells were fixed with 2% methanol-free PFA (Thermo Scientific) 

for 10 minutes at 37°C and 5% CO2. This was followed by permeabilization of the cells with 

100 µL of 90% methanol (Roth) for 30 minutes on ice. After permeabilization, cells were 

washed twice in a final volume of 200µL FACS buffer (1200 rpm, 10 minutes, 4°C), blocked 

with 50µL Fcγ-receptor block (BioLegend) for 30 minutes and then labelled with primary 

antibodies to phosphorylated STAT (pSTAT) proteins for 45 mins at 4°C. After primary antibody 
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labelling, cells were washed once in a final volume of 200µL FACS buffer (1200 rpm, 10 

minutes, 4°C) and stained with fluorescently labelled CD4 surface epitope antibodies and 

pSTAT secondary antibodies for 45 minutes. At the end of the labelling, cells were washed 

again in a final volume of 200 µL FACS buffer (1200 rpm, 10 minutes, 4°C) and resuspended in 

200 µL FACS buffer for flow cytometry measurement. 

2.2.2.2.6 Inducible Knockdown assays 

Using a 23G needle, mice were injected intraperitoneally for 4 days (IL-6 receptor α 

knockdown) or for 5 days (STAT3 knockdown) with 100 µL of 20 mg/mL tamoxifen (Sigma 

Aldrich) dissolved in corn oil (Sigma Aldrich). 

Firstly, Tamoxifen was weighed into a 15 mL Falcon tube under a sterile bench, then a solution 

of 100% ethanol and corn oil in a 1:10 ratio was prepared. This ethanol/corn oil mixture was 

then added to the weighed-out tamoxifen and vortexed vigorously to disrupt the pellet. At 

room temperature, the tamoxifen mixture was covered with aluminium foil and placed on a 

shaker overnight or until the pellet was completely dissolved. Mice were then injected with 

this solution for either 4- or 5-days and sacrificed for flow cytometric analysis exactly one week 

after the first injection dose. 

2.2.2.2.7 Proliferation assay (irradiation method) 

After negative magnetic cell separation, cells were fluorescently labelled for sorting on the 

FACS Aria (BD) into Effector T-cells (Teffs), IL-10-producing TFH and TR1 cells and Tregs. After 

sorting, cells are washed in 1-fold concentrated PBS and reconstituted in 1 mL PBS for 

labelling.  

Teffs were counted and labelled with CellTrace™ violet (C34557; ThermoFisher). Prior to use, 

a 5mM CellTrace™ stock solution was prepared by adding DMSO (20µL) to one vial of 

CellTrace™ reagent (Component A) and mixing well to create the stock solution. To each 

millilitre of Teffs suspension, 1 µL of CellTrace™ stock solution was added to make the final 

working concentration 5 µM and this mixture was then incubated at 37°C for 20 minutes. After 

incubation, the labelled cells were washed with five times the volume of the initial culture 

medium (1500 rpm, 5 minutes, 4 °C) and incubated for 5 minutes to remove excess dye. After 

CellTrace™ labelling of effector T-cells, irradiated APCs, and the sorted regulatory T-cells 

(IL-10-producing TFH, TR1 and Tregs) were added together in a ratio of 8:1:1: (APCs : Teff : 

IL-10-producing TFH, TR1 or Tregs) and stimulated with anti-CD3/CD28 (0.9 µg/mL) for 72 

hours. 
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To obtain APCs, CD4 MACS (130-104-454 kit) was performed on a single cell suspension from 

the spleen. All cells remaining on the LS column after negative selection were classified as 

APCs. After recovery of the APCs, the APCs (16 x 106/mL) were irradiated at 3000 rad. 

 Add CellTrace™ violet (C34557; ThermoFisher) to Teff 

 Sort cells into IL-10-producing TFH, TR1 and Tregs 

 Teffs were obtained from young FoxP3DTR mice while the regulatory T-cells were from 

old FoxP3DTR mice 

2.2.2.2.8 Proliferation assay (antigen presentation by dendritic cells) 

Using a 26 G needle (BD) and a 5 mL syringe (BD), the bone marrow is flushed out of the femur 

of euthanised mice with wash buffer into a petri dish. For dendritic cell (DCs) differentiation, 

the bone marrow medium was centrifuged at 1200 rpm and 4 °C for 10 minutes, then the cells 

were resuspended in 2 mL of differentiation (resuspension) medium and counted in a 

Neubauer chamber. 5 x 106 cells were seeded into new petri dishes, and 10 mL of 

differentiation medium was added to each petri dish for incubation at 37 °C and 5% CO2. The 

differentiating medium of the bone marrow derived DCs (BMDC) were replenished with 10 mL 

differentiation medium on day 3. On day 6, 10 mL of medium with BMDC was transferred into 

a 50 mL Falcon tube and centrifuged for 10 minutes at 1200rpm and 4°C. The supernatant was 

discarded and the pellet was resuspended in warm differentiation medium and 10 mL was 

pipetted into petri dishes. Primary BMDCs were harvested on day 8 by gently pipetting 10 mL 

of non-adherent cells into a 50 mL Falcon tube. Then 3—10 mL of Accutase (eBioscience) is 

added to the petri dished for 10 minutes of incubation at 37° and C 5% CO2 to dislodge the 

adherent. This was also pipetted into the 50 mL Falcon tube and centrifuged for 10 minutes 

at 1500rpm and 4°C. The supernatant was discarded and the pellet was resuspended in RPMI 

culture medium (differentiation medium without GM-CSF), counted with a Neubauer counting 

chamber and 1 x 105 cells were seeded into 96-well plates. 

CD4 T-cells were enriched via negative magnetic cell separation and sorted into effector and 

regulatory CD4 T-cell subsets similar to the irradiation method. Teffs were labelled with 

CellTrace™ Violet and co-cultured with BMDCs and IL-10-producing TFH, TR1 or Treg cells in 

96-well plates. The co-cultures were then stimulated with 40 µg/ml P25 peptide (Bianca 

Schneider, RCB) to induce proliferation and/or suppression of antigen-specific CD4 T-cells. 

Flow cytometric measurements were performed 4 days after co-culture and stimulation. 
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2.2.2.2.9 Gating strategy for FoxP3- regulatory CD4 T-cells 

Unless otherwise described, the scheme in Fig. 2 shows the gating strategy used for the 

characterisation of FoxP3- regulatory CD4 T-cells within the scope of this thesis. 

 
Figure 2. Gating strategy for the characterisation of FoxP3- regulatory CD4 T-cells 
Single cells suspensions from spleen were stimulated for 5 h with PMA/Ionomycin/Brefeldin A block cocktail, 
stained with Abs against TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10. f Flow cytometric analysis was 
performed using LSRII and FlowJo 10.7.0 software. After doublet exclusion (not shown), CD4 T-cells were gated 
away from TCR-β+ CD8- (CD4+) population (A). From this CD4 T-cell population, FoxP3- cells (B) were gated for 
LAG3 expression(C) and sent the PD-1/CXCR5 plot(D). Cells that were positive for both PD-1 and CXCR5 were 
further gated on their IL-10 production (TFH-10 cells) (E) while cells that were positive for PD-1 but negative 
for CXCR5 were gated on IFNγ and IL-10 and cells double positive for IFNγ and IL-10 were classed as TR1 cells 
(F). cells negative for LAG3 expression were classified as effector T-cells in proliferation and 
suppression assays 

2.2.2.3 Enzyme Linked Immunosorbent Assay (ELISA)  

Blood from vena cava of mice was collected into serum separator tubes (KABE LABORTECHNIK) 

and centrifuged for 10 minutes at 6000 rpm and 4°C. Concentrations of cytokines and soluble 

cytokine receptors were detected in serum using standard and multiplex ELISAs 

STANDARD ELISA (DuoSet): 96-well microplates (Thermo Scientific Nunc) were coated with 

the capture antibody and incubated over night at room temperature. The next day, the wells 

were washed with wash buffer and blocked for 1 hour at room temperature. After blocking, 

serum samples were incubated in the capture antibody-coated-wells for 2 hours at room 
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temperature, followed by a 2-hour incubation at room temperature with detection antibody. 

Subsequently, the samples were incubated with streptavidin-horseradish peroxidase for 20 

minutes to enable substrate detection. An ELISA stop solution was added to the mix to stop 

the reaction and the plate was read immediately with a TECAN reader. 

MULTIPLEX ELISA: Mesoscale discovery (MDS) electrochemiluminescence technology was 

used to measure multiple cytokines simultaneously. The 96 wells of the MSD U-plex plate are 

equipped with electrodes so that when the complex of secondary antibody, antigen and the 

capture antibody is formed, the ruthenium ion linked to the secondary antibody is close 

enough to the electrode to trigger an oxidation-reduction reaction that generates light and 

can be detected by a camera.  

Experiment was performed according to the manufacturer's instructions. First, the linkers 

were assigned to specific biotinylated capture antibodies vortexed and incubated for 30 

minutes. The linkers and biotinylated capture antibodies were then incubated for 30 minutes 

in 200 µL of MDS stop solution. The wells were then coated with this linker-biotin-capture 

antibody solution for 1 hour at room temperature and afterwards washed 3 times with ELISA 

wash buffer. 

Calibration standards were prepared according to MDS protocol. Calibration standard and 

samples were added to separate biotin-capture antibody coated wells and incubated for 1 

hour. Thereafter, the 96-plates were washed 3 times with ELISA wash buffer and prepared for 

detection by further incubating samples in detection antibody at room temperature for 1 hour 

and afterwards adding the MDS read buffer for immediate measurement on an MDS 

luminescence reader (MESO QuickPlex SQ 120). 

2.2.3 Statistical analysis 

Statistical analysis was performed with GraphPad Prism 8.0.1 (GraphPad Prism Software, San 

Diego, USA). Statistical significance was determined by Mann-Whitney Rank Sum Test or 

analysis of variance (ANOVA) (see figure legends), with a significance set at P ≤ 0.05.
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3 RESULTS 

3.1 Increase in regulatory T-cell subsets leads to increased IL-10 production 
with advancing age  

The orchestration of an effective immune response is highly dependent on the tight control 

of inflammatory processes, as alterations in key regulatory steps could lead to inadequacies 

in immune response to diseases, infections and even vaccines. A vast body of research has 

shown that aging is associated with changes to immune responses especially in the T-cell 

compartment66,156. One such change is cytokine dysregulation leading to an increase in 

regulatory T-cell subsets that supress effector T-cell responses via IL-10 production90. 

Research so far has yet to fully elucidate, which regulatory T-cell subsets are involved in 

increasing levels of circulating IL-10 with age or the mechanisms involved in the 

above-mentioned change. Therefore, in the context of this thesis, alterations in cytokine 

production and thus, regulatory T-cell populations were investigated in aged mice. 

3.1.1 Increased levels of IL-10 in aged mice 

Cytokines play an important role in balancing immune responses and maintaining immune 

homeostasis. With aging, a skewing towards a more pro-inflammatory state has been 

reported but also increases in anti-inflammatory cytokine production. Using young and aged 

mice, the serum concentration of IL-10 were investigated. In the present thesis, results 

obtained mimicked what has previously been reported in the literature with older mice 

showing a significant increase in IL-10 (Fig. 3A). To determine the site of IL-10 production, IL10 

mRNA expression in various lymphoid and non-lymphoid tissues and organs of young and old 

mice was investigated (Fig. 3B). IL10 mRNA expression was significantly increased in the lymph 

nodes, spleen as wells as the epididymal white adipose tissue. This data indicates that systemic 

levels of IL-10 increase with age and major contributors to this increase are secondary 

lymphoid organs and epididymal white adipocytes. 
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 Figure 3. Advancing age results in an increased production of IL-10 
(A) Basal IL-10 production in serum samples of young (4 mths old) and old (16 mths old) C57BL/6 mice were 
measured via ELISA. Mice were euthanised, vena cava blood was collected, and serum separated from the 
whole blood. (B) mRNA from lymphoid and non-lymphoid tissues of young (2 mths old) and old (21 mths old) 
C57BL/6 mice was isolated, reverse transcribed to cDNA and investigated by qRT-PCR for the relative gene 
expression of IL10 in relation to Rps14 (S14) as housekeeping gene. Data in bar graph represents the mRNA 
expression in specific organs or tissues of young and old mice and are shown as mean ± SD of 5-9 mice per 
group pooled from two independent experiments. (* P ≤ 0.02, ** P ≤ 0.01, **** P ≤ 0.0001; Mann-Whitney 
Rank Sum Test) 

3.1.2 IL-10 production with age stems from T-cells 

To ensure that the increased IL-10 production with age was not a result of B-cells, specifically 

regulatory B-cells (Bregs) interference, old gender and aged matched CD19cre x IL-10f/f mice 

that were either Cre-positive (Cre+) or Cre-negative (Cre-) in IL-10 production by B-cells157 were 

utilised to quantify IL-10 production in T and B-cell populations using flow cytometry 

techniques. As seen in Fig. 4A - B, there was no significant difference in IL-10 production by 

T- or B-cell populations within or between the groups of Cre+ and Cre- mice. What was also 

observed, was that B-cells from both Cre+ and Cre- mice produced the least amount of IL-10 in 

comparison to the other two examined lymphocyte populations. Although no statistical 

significance was established between the immune cell groups, the result alludes to an 

increased IL-10 production by CD4 T-cells compared to CD8 T-cells or B-cells with age and 

reflects what has previously been reported in the literature121,158. 

B A 
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Figure 4. CD4 T-cells account for most IL-10 production in the lymphocyte population 
(A) A representative contour plot from the analysed data of a C57BL/6 mouse is shown. (B) Spleen cells from 
old C57BL/6 and CD19cre x IL-10f/f male mice (15 mths old) were harvested, stimulated for 5h with 
PMA/Ionomycin and blocked with Brefeldin A. The cells were then fluorescently labelled with Abs against 
TCR-β, CD8, CD4, CD19 and IL-10 and the percentages of IL-10 within CD4, CD8 and CD19 cells lymphocyte 
population were analysed by flow cytometry. Data are shown as mean ± SD of 4 mice per group  

From the results so far, the lymphocyte population of CD4 T-cells was identified, albeit without 

statistical significance, as predominant IL-10 producers in aging. For the rest of this study, the 

focus was therefore placed on the changes that occur with age in CD4 T-cells. To confirm an 

increase in IL-10 with age, single cell suspensions from spleen cells of young and old WT mice 

were stimulated and analysed by flow cytometry. After stimulation, the relative frequency 

(Fig. 5A – B) and number (Fig. 5C) of IL-10-producing CD4 T-cells was determined. IL-10 

production was found to be significantly higher in older mice. Given that IL-10 has immune 

regulatory mechanisms, the source of IL-10 within CD4 T-cells was examined in the 

conventional FoxP3+ and non-conventional FoxP3- regulatory populations. While both FoxP3+ 

and FoxP3- populations produced IL-10, a substantial amount of IL-10 was detected in the 

FoxP3- population of older mice (Fig. 5D, E). Surprisingly, when comparing IL-10 produced by 

the FoxP3+ population in old mice (Fig. 5D, F), significantly less IL-10 was produced from old 

FoxP3+ cells than from old FoxP3- cells (Fig. S1). These results unmask FoxP3- CD4 T-cells as a 

potential source for increased IL-10 production during aging.

B A 
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 Figure 5. The increase of IL-10 with age can be attributed to its production in FoxP3- CD4+ T-cells 
(A) Representative contour plot of the analysed data. After a 5 h stimulation with PMA/Ionomycin in the presence of Brefeldin A, single cell suspension of spleen cells from 
young (2 mths old) and old (17 mths old) C57BL/6 mice were fluorescently labelled with Abs against TCR-β, CD8, FoxP3 and IL-10. Using Flow cytometry, the relative 
percentage of IL-10 (B) and the absolute number of IL-10-producing cells (C) in the TCR-β+ CD8- (CD4+) population was determined. (D) Representative dot plots of the analysed 
data used to quantify IL-10 production in FoxP3+ and FoxP3- populations of CD4+ T-cells. (E) The bar graph shows the relative proportions of IL-10 production in TCRβ+ CD8- 

FoxP3- population while (F) shows the relative proportion of IL-10 production in TCRβ+ CD8- FoxP3+ population. Results are shown as mean ± SD of 3 - 8 mice per group and 
represents 1 of 4 experiments. (** P ≤ 0.04; Mann-Whitney Rank Sum Test; *** P ≤ 0.001, **** P ≤ 0.0001; Two-way ANOVA with Sidak’s multiple comparison test)  

E F D 

A B C 
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3.1.3 Characterisation of FoxP3- IL-10+ CD4 T-cells in young and old mice 

Based on cells described in the literature, 4 potential origins or populations of the 

IL-10-producing FoxP3- CD4 T-cells were envisioned. Namely, exTH17-cells and exTreg cells 

due to their high instability and plasticity, TR1 T-cells and TFH as both cell types have the 

tendency to produce the anti-inflammatory cytokine IL-1090,148,159,160. To track the fate of TH17 

and FoxP3+ CD4 T-cells towards FoxP3- regulatory cell conversion in vivo, young and old fate 

mapping Rosa26RYFP x IL-17ACre (exTH17) and Rosa26RdTomato x FoxP3Cre (exTregs) mice were 

used to track TH17 and Treg cells that lose their initial function to become FoxP3- IL-10 

producers. In exTH17 mice, the frequencies of TH17-cells that converted to FoxP3- IL-10 

producers were similar in both age groups with less than 0.1% of the TH17-cells being 

converted (Fig. 6A). In exTreg mice, about 14.6% of FoxP3+ cells lost the expression of this 

transcription factor to become FoxP3- IL-10-producing cells, but like the exTH17-cells, there 

was no significant difference between young and old mice when FoxP3 was lost (Fig. 6B). 

Because the percentages of cells that lost either their TH17 or FoxP3 markers to become 

FoxP3- IL-10-producing CD4 T-cells did not differ between young and old, these results indicate 

that a switch in cell functionality does not account for increased IL-10 production in FoxP3- 

CD4 T-cells cells with age. 

Studies have shown that a subpopulation of FoxP3- IL-10+ CD4 T-cells are produced in an 

IL-21- dependent manner and although many subpopulations of CD4 T-cells produce IL-21 the 

highest production of this cytokine is found in the TFH population161,162. Roncarolo et al., one 

of the first to report on TR1 cells, gave indication to these cells as prominent IL-10 producers93. 

Consequently, TFH and TR1 cell frequencies in the spleen of young and old mice were 

investigated in the present thesis. It was observed that older mice had significantly higher 

amounts of TR1 as well as TFH cells (Fig. 6C), suggesting, TR1 and TFH cells to be the source of 

increased IL-10 in the FoxP3- CD4 T-cell compartment. From this point on, TFH cells positive 

for IL-10 will be referred to as TFH-10 cells. 
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Figure 6. TFH-10 and TR1 cells but not exTregs or exTH17-cells account for the increased IL-10 production 
in FoxP3- CD4 T-cells in older mice 
After a 5 h incubation with PMA/Ionomycin and Brefeldin, single cell suspension of spleen cells from young (6 
– 12 wks old) and old (12 mths old) Rosa26RYFP x IL-17ACre, Rosa26RdTomato x FoxP3Cre and C57BL/6 mice were 
fluorescently labelled with Abs against TCR-β, CD8, FoxP3, IL-17 and IL-10 for exTH17 (A), TCR-β, CD8, FoxP3, 
and IL-10 for exTregs (B), TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10 for TFH-10/TR1 cells (C). 
Subsequently, flow cytometric analysis was performed. The plots and graphs show the relative frequencies of 
the indicated subsets of FoxP3- IL-10+ within TCR-β+ CD8- (CD4+) T-cells. The results depicted above represents 
1 of 2 - 3 independent experiments. Results are shown as mean ± SD of 4 - 5 mice per group. (*** P ≤ 0.001; 
Two-way ANOVA with Sidak’s multiple comparison) 
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Aging reshapes cytokine profiles in mice, with increased IL-10 production by CD4 T-cells being 

a typical feature. However, this IL-10 does not originate from conventional FoxP3+ regulatory 

CD4 cells, but mainly from the population of FoxP3- regulatory CD4 T-cells described in the 

present thesis. Indeed, the experimental design in the present thesis determine TFH-10 and 

TR1 cells as the source of increased IL-10 during aging while categorically excluding TH17 and 

Treg cell as possible sources for increased IL-10 levels in older mice. 

In a previous study, Jun-O Jin et al. showed a relationship between IL-6 and IL-10 production 

by FoxP3- regulatory CD4 T-cells in vitro95. Because systemic levels of IL-6 usually increases 

with age, increased IL-10 production by FoxP3- CD4 T-cells in older mice suggest a role of IL-6 

in the accrual or maintenance of this CD4 T-cells subset. 

3.2 The role of IL-6 and its signalling pathways in the accrual of FoxP3- IL-10+ 
CD4 T-cell  

The association between aging and a lot of age-related diseases coincides with inflammation. 

During aging, there is a steady increase in the level of inflammatory mediators such as TNF, 

CRP and most notably, IL-6105. To test if the increased FoxP3- IL-10+ CD4 T-cell populating found 

in older mice is as a result of increased IL-6 as observed in the in vitro study by Jun-O Jin et 

al.95, in the present thesis, the direct influence of a lack in IL-6 on FoxP3- IL-10+ CD4 T-cells was 

investigated. Effort was put into understanding the IL-6 signalling cascade and the role its 

different signalling pathways play in the accrual of FoxP3- regulatory cells with age. Because 

TFH-10 and TR1 cells induced by IL-21 and IL-27 respectively93,148, the role of IL-6 in the 

production of both cytokines in the context of aging was also investigated. 

3.2.1 IL-6 increases with advancing age  

Increases in the circulating levels of certain cytokines such as IL-6, CRP, TNF is directly linked 

to the aging phenotype of immune systems105. To find out if IL-6 is altered with age, the 

present thesis compares IL-6 production in young and old C57BL/6 mice using ELISA and 

qRT-PCR. Results obtained from the analysis of serum samples showed a propensity for 

increased IL-6 production with age (Fig. 7A). Tissue localisation of the increased IL-6 

production was determined by qRT-PCR. Similar to the elevated IL10 mRNA expression (see 

Fig. 3B), IL6 mRNA expression, although not statistically significant, was also increased in 

white, brown adipose tissue and spleen in older mice compared to their younger counterparts. 
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However, in the lymph nodes of old mice, a significant increase in IL6 mRNA expression was 

observed (Fig. 7B). 
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Figure 7. IL-6 secretion increases in old mice 
(A) Basal IL-6 production in serum samples of young (4 mths old) and old (16 mths old) C57BL/6 mice were 
measured via ELISA. Mice were euthanised, vena cava blood was collected, and serum separated from the 
whole blood. Results are shown as mean ± SD of 5-9 mice per group pooled from two independent 
experiments. (B) RNA from lymphoid and non-lymphoid tissues of young (2 mths old) and old (21 mths old) 
C57BL/6 mice was isolated, reverse transcribed to cDNA and investigated by qRT-PCR for gene expression of 
IL6 in relation to Rps14 as the housekeeping gene. Result of the relative mRNA expression in the specific 
organs or tissues in young and old mice and are shown as mean ± SD of 5-9 animals per group pooled from 
two independent experiments. (** P <0.01; Mann-Whitney Rank Sum Test) 

3.2.2 Loss of IL-6 impacts the accrual of FoxP3- IL-10+ CD4 T-cells with age 

In the present study, it was demonstrated that within the CD4 T-cell subset, FoxP3- cells 

account for most of the IL-10 production with age (see Fig.5D), and a body of work has shown 

that the “gerontologist” cytokine IL-6 increases with age and is associated with elevated IL-10 

production123,163. To eventually prove that the accrual of IL-10-producing FoxP3- CD4 T-cells is 

IL-6-dependent, young and old C57BL/6 and IL-6 deficient (IL-6-/-) mice were compared. 

A 
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Figure 8. The frequency of IL-10 production in FoxP3- CD4 T-cells decreases in older mice with the loss of 
IL-6. 
Representative contour plot of the analysed data (A). After a 5 h stimulation with PMA/Ionomycin and blocking 
with Brefeldin A, single cell suspension of spleen cells from young (2 mths old) and old (17 mths old) C57BL/6 
and IL-6-/- mice were fluorescently labelled with Abs against TCR-β, CD8, FoxP3 and IL-10. The relative 
percentage of IL-10 (B) and the absolute number of IL-10-producing cells in the FoxP3- CD4 T-cell population 
(C) was determined by flow cytometry. Results depicted above represents 1 of 2 independent experiments. 
Data are shown as mean ± SD of 4 – 8 mice per group. (* P ≤ 0.01, ** P ≤ 0.004, *** P ≤ 0.0001, **** P ≤ 0.001; 
Two-way ANOVA with Tukey’s multiple comparison) 

While no significant difference was observed in the frequency or number of FoxP3- IL-10+ CD4 

T-cells between young mice, old IL-6-/- mice had a marked reduction in IL-10 production by 

FoxP3- CD4 T-cell population both in frequency and number when compared to their WT 

C57BL/6 wildtype mice (Fig. 8B - C). Overall, this data shows that IL-6 is indeed important for 

the accrual of IL-10-producing FoxP3- CD4 T-cells with age. 

3.2.3 Classical stimulation of STAT1 and STAT3 by murine IL-6 is decreased in older 
mice 

Amongst the numerous signalling pathways activated by IL-6, the most prominent pathway is 

the JAK2/STAT. Under the STAT proteins, IL-6 is mostly associated with STAT1 and STAT3 

activation128. Therefore, in the present thesis, it was predicted that the increase in 

FoxP3- IL-10+ CD4 T-cells (TFH-10 and TR1 cells) would be ascribed to elevated IL-6 levels 
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activating STAT pathways. To investigate this hypothesis, the effect of IL-6 on activation of 

STAT1 and STAT3 proteins was explored by flow cytometry and ELISA. 

After a 30-minute stimulation of single spleen cell suspension with murine IL-6, it was 

observed that the induction of intracellular levels of tyrosine phosphorylation of STAT1 at 

position 701 (Fig. 9A) and STAT3 at position 705 in CD4 T-cells (Fig. 9B) was significantly 

elevated in younger mice. Based on determining the MFI a more enhanced phosphorylation 

of STAT1 in comparison to STAT3 was observed in CD4 T-cells of younger mice. 

  

  

Figure 9. Intracellular pSTAT 1 and pSTAT 3 levels increases in the CD4+ T-cell population of younger mice 
after IL-6 stimulation 
After a 30 minute stimulation with murine IL-6, single spleen cell suspension from young (6 wks old) and old 
(17 mths old) C57BL/6 mice were flourescently labelled with Abs against TCR-β, CD4, pSTAT1 (Tyr701) or 
pSTAT3 (Tyr705). The MFI of the phpsphorylated STAT proteins were measured and analysed by flow 
cytometry. The representative histograms shows intracellular pSTAT1 tyr701 (A) or pSTAT3 tyr705 (B) level in 
the unstimulated control (grey), in young (green) and in old (blue) mice while the bar charts depict the MFI of 
the analysed pSTAT proteins in the CD4 population (A, B). Results are shown as mean ± SD of 4 mice per group 
and represents 1 of 3 experiments. (* P ≤ 0.03; Mann-Whitney Rank Sum Test ) 

Because stimulating the cells with murine IL-6 forces the activation of the classical 

transduction pathway which utilises membrane-bound IL-6Rα and gp130, the expression of 

both subunits was measured on CD4 T-cells isolated from spleens of young and old mice by 

flow cytometry. Young mice expressed significantly higher amounts of membrane-bound 

IL-6Rα in comparison to older mice (Fig. 10A, B). Although no significant difference between 
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young and old mice was detected, there was a tendency in younger mice to also express more 

of gp130 on CD4 T-cells (Fig. 10A, C). Collectively, these results suggest a more pronounced 

role for IL-6 classical signalling in young years, whereas in advanced age, IL-6 appears to signal 

through an alternative pathway. 

 
 

 

 

 

 

Figure 10. The frequency of IL-6Rα is increased in younger mice  
(A) Representative contour plot analysed in young mouse. Single spleen from young (3 mths old) and old (15 
mths old) C57BL/6 mice were fluorescently labelled with Abs against TCR-β, CD4, CD126 (IL-6Rα) or gp130. 
The relative percentage of IL-6Rα (B) and gp130 (C) expressed on CD4 T-cells was determined by flow 
cytometry. Results are shown as mean ± SD of 4 mice per group and represents 1 of 3 experiments. (* P <0.03; 
Mann-Whitney Rank Sum Test). 

3.2.4 Transient IL-6 receptor knockdown in IL-6Rαf/f CD4 CreERT2 mice does not 
affect TFH-10 or TR1 populations 

To ascertain that the accrual of TFH-10 and TR1 cells in old age is not a result of IL-6 classical 

signalling, a transient knockdown was performed in transgenic mice expressing a tamoxifen 

inducible Cre recombinase in CD4 T-cells and a loxp-flanked IL-6Rα gene enabling for the 

deletion of membrane-bound IL-6Rα when tamoxifen is administered. In the present thesis, 2 

mg tamoxifen was administered i.p. for 4 consecutive days to Cre+ or Cre- old mice. A week 

after the first injection, mice were sacrificed and flow cytometric analysis was performed  

(Fig. 11A). Single spleen cell suspension from were prepared and stained with appropriate 

antibodies. To verify the efficiency of the knockdown after tamoxifen administration, IL-6Rα 

on CD4 T-cells was measured and a marked reduction in the frequency of IL-6Rα in Cre+ mice 

compared to Cre- mice detected (Fig. 11B, C). This result indicates an efficient CD4-specific 

IL-6Rα knockdown. 
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Figure 11. CD4 T-cells specific knockdown of the membrane-bound IL-6Rα 
Old IL-6Rf/f CD4 creERT2+ and IL-6Rf/f CD4 creERT2– mice were i.p. treated with tamoxifen or 4 consecutive days. 
Single spleen cell suspension was obtained 7 days after the first treatment (A). Cells were fluorescently 
labelled with Abs against TCR-β, CD4 and CD126 (IL-6Rα) and analysed by flow cytometry. Representative plots 
of the analysed data are shown in (B). The relative proportion of IL-6R within the CD4+ population is presented 
in the bar graph (C). Results are shown as mean ± SD of 2 - 5 mice per group and represents 1 of 2 experiments 
(** P ≤ 0.001; Mann-Whitney Rank Sum Test). 

After validating the knockdown of the IL-6Rα, the relative proportions of TFH-10 and TR1 cells 

withing the CD4 T-cell population in old Cre+ and Cre- mice was then investigated in single cell 

suspension prepared from spleen tissue and stained for flow cytometry. The frequencies of 

TFH-10 and TR1 cells in both mice groups were similar (Fig. 12A—C). Although there was no 

measurable significant difference between Cre+ and Cre- mice, there was a slight tendency for 

IL-6Rα competent mice to have higher frequencies of both TFH-10 and TR1 cells. These results 

further prove that IL-6 classical signalling with STAT phosphorylation on its tyrosine residue is 

not responsible for the accrual of FoxP3- IL-10+ TFH-10 and TR1 cells with advancing age. 
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Figure 12. Short term knockdown of IL-6Rα has no effect on the frequencies of TFH-10 or TR1 cell 
populations in old mice 
Single spleen cell suspension from old (17 mths old) IL-6Rf/fCD4CreERT2+ and IL-6Rf/fCD4CreERT2– mice were 
stimulated for 5 h with PMA/Ionomycin, blocked with Brefeldin A and fluorescently labelled for flow cytometry 
with Abs against TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10. The relative frequencies of TFH-10 
(see. Fig 2E) and TR1 (see. Fig 2F) cells in Cre+ or Cre- mice are shown in the plots and graphs above (A—C). 
Results are shown as mean ± SD of 2 - 5 mice per group and represents 1 of 2 experiments  

Taken together, the IL-6-dependent increase in TFH-10 and TR1 cells with age appears to be 

mediated by an alternative route or through activation of STAT by inducing phosphorylation 

on a different amino acid residue. 

3.2.5 Increased sIL-6Rα suggests a more active IL-6 trans-signalling pathway in 
older mice 

So far, analysis of STAT phosphorylation and expression of membrane-bound IL-6Rα in the 

present thesis has shown that the classical IL-6 signalling pathway plays a more prominent 

role at younger ages. However, IL-6 is also known to signal via the trans-signalling route which 

drives many inflammatory disorders164. Therefore, in the present thesis, sIL-6Rα, which serves 

as a marker for IL-6 trans-signalling, was measured in serum samples from young and old mice 

(Fig. 13). Unlike the distribution of membrane-bound IL-6Rα, older mice had significantly 

higher concentrations of sIL-6Rα circulating in their serum in comparison to younger mice. 

This increase in serum sIL-6Rα suggests that the IL-6 trans-signalling pathway is increasingly 

utilised during aging. 

  
 
Figure 13. Increased amounts of sIL-6Rα in aged mice 
Serum samples prepared from vena cava blood of 
young (3 mths old) and old (15 mths old) C57BL/6 mice 
were used to determine the concentration of 
circulating soluble IL-6Rα by ELISA. Results are shown 
as mean ± SD of 4 mice per group and are 
representative of 1 of 2 experiments (** P ≤ 0.01; 
Mann-Whitney Rank Sum Test). 
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To prove the hypothesis that for efficient STAT1 and STAT3 protein activation in older mice 

IL-6 has to signal in trans, lymphocytes from spleen cells of young and old mice were forced 

to signal through the trans-signalling route. To activate IL-6 trans-signalling, single spleen cell 

suspensions from young and old mice were stimulated for 30 minutes with HyIL-6. Cells were 

then stained with antibodies against phosphorylated STAT1 and STAT3 in CD4 population and 

analysed by flow cytometry. Contrary to the elevated amounts of sIL-6Rα, neither STAT1 nor 

STAT3 phosphorylation increased in older mice under this stimulatory condition. Indeed, there 

was no difference in phosphorylation when comparing young and old mice (Fig. 14A, B). Taken 

together, increased levels of sIL-6 did not lead to increased IL-6 trans-signalling in older mice. 

 

 

 

 
Figure 14. Intracellular pSTAT1 and pSTAT3 levels are similar in CD4 T-cell population of young and old 
mice after HyIL-6 stimulation 
After a 30 minute stimulation with HyIL-6, single spleen cell suspensions from young (6 wks old) and old (17 
mths old) C57BL/6 mice were flourescently labelled with Abs against TCR-β, CD4, pSTAT1 (Tyr701) or pSTAT3 
(Tyr705).The MFI of the phpsphorylated STAT proteins were measured and analysed by flow cytometry The 
representative histograms shows intracellular pSTAT1 (A) or pSTAT3 (B) levels in unstimulated cells (grey) and 
in stimulated young (green) and old (blue) mice while the bar charts show the MFI of the analysed pSTAT 
proteins in the CD4 population. Results are shown as mean ± SD of 4 mice per group. 

3.2.6 sgp130, the endogenous block for IL-6 trans-signalling is increased in older 
mice 

The naturally occurring trans-signalling inhibitor sgp130 is usually found as a triad complexed 

with IL-6 and sIL-6R165. In the present thesis, it was of interest to know if the lack of increased 
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STAT1 and STAT3 phosphorylation after HyIL-6 stimulation could be due to inhibition of the 

trans-signal transduction pathway by sgp130. To this end, serum concentration of sgp130 in 

young and old C57BL/6 mice from vena cava blood was analysed. Older mice had a 3-fold 

increase of circulating sgp130 in comparison to their younger counterparts (Fig. 15) suggesting 

a dampening of IL-6 trans-signalling by sgp130 in older mice.  

  
 
 
Figure 15. Higher amounts of sgp130 in aged mice 
Serum samples prepared from vena cava blood of young 
(3 mths old) and old (15 mths old) C57BL/6 mice were 
used to determine the concentration of circulating gp130 
by ELISA. Results are shown as mean ± SD of 4 mice per 
group and is representative for 2 experiments (** P ≤ 
0.01; Mann-Whitney Rank Sum Test). 
 

3.2.7 TFH-10 and TR1 populations are unaltered in the absence of IL-6 
trans-signalling pathway 

The present thesis revealed so far, that the trans-signalling marker —sIL-6R—and the inhibitor 

to this pathway—sgp130—increase with age. To re-examine if the accrual of TFH-10 and TR1 

cells is mediated by IL-6 trans-signalling, percentages of both cell populations were analysed 

in aged mice with a constitutive block in the trans-signalling pathway (PEPCU-sgp130) and 

compared to wildtype mice. To this end, single spleen cell suspensions were prepared, 

incubated in media, or stimulated with PMA/Ionomycin and stained with antibodies for flow 

cytometric analysis. The relative proportion of TFH-10 was found to be comparable in both 

PEPCU-sgp130 and wildtype mice (Fig. 16A-B). A similar phenomenon was observed when TR1 

cells were examined (Fig. 16C).  
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Figure 16. The frequency of TFH-10 and TR1 cells is unchanged between aged WT and trans-signalling 
deficient mice  
Single spleen cell suspensions of C57BL/6 (18 mths old) and PEPCU-sgp130 (18 mths old) mice were stimulated 
for 5 h with PMA/Ionomycin, blocked with Brefeldin A and stained for flow cytometric analysis with Abs against 
TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10. The relative proportions of TFH-10 (A and B) and TR1 (A 
and C) in the TCR-β+ CD8- (CD4+) population are shown in the plots and bar graphs above (for TFH-10 and TR1 
gating, see Fig. 2E and 2F). Results are shown as mean ± SD of 3 – 6 mice per group. 

3.2.8 Classical stimulation of STAT 3Ser727 by IL-6 is increased in older mice 

STAT3, through the activity of various kinases, is also sensitive to phosphorylation on its serine 

residue at position 727 (Ser727). One such kinase that is able to phosphorylate STAT3 on its 

serin residue is the mammalian target of rapamycin (mTOR)166. mTOR forms a complex with 

mTORC1 and mTORC2. While mTORC1 activation promotes cell proliferation leading to 

replicative aging167,168, mTORC2 activity promotes an age-related decline in CD4 T-cell 

function169. To test a possible effect of IL-6 on CD4 T-cell after STAT3 phosphorylation at the 

Ser727 residue, single spleen cell suspensions of young and old mice were prepared, 

stimulated for 30 minutes with IL-6 and stained with abs for flow cytometric analysis. The 

proportion of cells within the CD4 T-cell population that was positive for phosphorylated 

STAT3 Ser727 was determined (Fig. 17A, B). Although no statistical significance was found, the 

results showed increased phosphorylation of Ser727 in older mice compared to younger mice, 

which contrasts with IL-6-mediated phosphorylation of STAT3 Tyr705, inferring that in older 

mice the effect of IL-6 on STAT3 is more pronounced at the serin residue. 
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Figure 17. After IL-6 stimulation, intracellular pSTAT 3Ser727 levels increase in CD4 T-cells of older mice  
Single cell suspension of spleen cells from C57BL/6 young (5 mths old) and old (13 mths old) mice were 
stimulated for 30 minutes with IL-6 and stained for flow cytometric analysis with Abs against TCR-β, CD4 and 
pSTAT3 (Ser727). The representative dot plots (A) and bar chart (B) show the percent of positive intracellular 
pSTAT3 CD4 T-cells in the unstimulated cells (grey bar) and pSTAT-3 in stimulated young (white bar) and old 
(black bar) mice. Data are shown as mean ± SD of 2- 4 mice per group  

3.2.9 Transient STAT3 KD in STAT3f/f CD4 CreERT2 mice does not influence TFH-10 
or TR1 cell frequencies 

So far, the present thesis revealed that more STAT3 is activated in young mice when classical 

IL-6 signalling leads to phosphorylation on the tyrosine residue. In contrast, older mice show 

a tendency for increased STAT3 activation when the serin residue is phosphorylated. 

Prompted by these differences, the effect of a STAT3 knockdown on the frequencies of TFH-10 

and TR1 cells in old mice was investigated. Because constitutive STAT3-deficient mice are not 

viable170, a transient STAT3 knockdown using transgenic mice expressing a 

tamoxifen-inducible Cre recombinase (CreERT2) were used. Cre+ as well as control Cre- mice 

were injected i.p for 5 successive days with 2mg tamoxifen and sacrificed one week after the 

first injection was administered. Immediately after the mice were euthanised, single spleen 

cell suspensions were prepared, fluorescently labelled for flow cytometry and analysed  

(Fig. 18A). The amount of STAT3 produced per cell was reduced in the Cre+ mice (Fig. 18B, C), 

and thus, validating the success of the induced transient knockdown of STAT3. 
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Figure 18. Reduced STAT3 expression in STAT3f/f CD4 creERT2 mice after 5 days of tamoxifen treatment 
Old STAT3f/f CD4 creERT2 mice were treated with tamoxifen i.p for 5 consecutive days. Single spleen cell 
suspension were obtained 7 days after the first tamoxifen treatment (A). Cells were staned for flow cytometric 
analysis with Abs against TCR-β, CD4 and STAT3. Representative plots of the analysed data are shown in (B). 
MFI of STAT3 in the CD4 population is shown in the bar graph (C). Results are shown as mean ± SD of 4 - 5 
mice per group. (* P ≤ 0.02; Mann-Whitney Rank Sum Test). 

To investigate whether this transient reduction in STAT3 affects the frequencies of TFH-10 and 

TR1 cell populations in old mice, an intracellular flow cytometric analysis was performed on 

single spleen cell suspensions of old cre+ and cre- STAT3f/f mice and the relative proportions of 

TFH-10 and TR1 cells within the CD4 T-cell population was analysed. Although there was a 

transient STAT3 reduction after tamoxifen treatment, the frequency of TFH-10 cells in the CD4 

T-cell population was similar in both mouse groups (Fig. 19A, B). The same was found when 

TR1 cells within the CD4 T-cell population was examined (Fig. 19A, C). These results suggests 

that a transient STAT3 deletion has no influence on TFH-10 or TR1 accrual in old mice. 
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Figure 19. Short term knockdown of STAT3 has no effect on the TFH-10 or TR1 cell population in old mice 
Single spleen cells suspension from old STAT3f/f CD4 creERT2+ and STAT3f/f CD4 creERT2- mice were stimulated 
for 5 h with PMA/Ionomycin, blocked with Brefeldin A and labelled for flow cytometry analysis with Abs against 
TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10. The Relative frequencies of TFH-10 (see Fig 2E) and TR1 
(see Fig 2F) cells in CRE+ or CRE- mice are shown in the plots and graphs above (A—C). Results are shown as 
mean ± SD of 4 - 5 mice per group. 

3.2.10 Cytokines other than IL-6 involved in the accrual TFH-10 and TR1 cells with 
age 

Besides IL-6, IL-21 and IL-27 are thought to be inducers of FoxP3- IL-10+ CD4 T-cells, particularly 

TFH-10 and TR1 cells95,148,154. To examine whether these cytokines are indeed elevated in old 

mice, intracellular cytokine staining and serum ELISA were performed in the present thesis. 

To detect IL-21 production in CD4 T-cells, spleen cells from young and old C57BL/6 mice were 

stimulated, fluorescently labelled and the relative proportion of IL-21-producing CD4 T-cells 

was measured. IL-21 production from CD4 T-cells was significantly increased in older mice  

(Fig. 20A). With the aid of IL-27p28, IL-27 production was also assessed in serum samples 

collected from the vena cava of young and old mice. A significant increase serum levels of 

IL-27p28 in older mice was also observed (Fig. 20B). Taken together, these results suggest that 

in addition to IL-6, IL-21 and IL-27 may also contribute to the increase in FoxP3- IL-10+ CD4 

T-cells with advancing age. 
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Figure 20. IL-21 and IL-27 levels are increased in old mice 
Single spleen cell suspension from C57BL/6 young (6 wks old) and old (17 mths old) mice were stimulated for 
5h with PMA/Ionomycin, blocked with Brefeldin A and labelled with antibodies against TCR-β, CD8 and IL-21 
for flow cytometric analysis. The relative proportion of IL-21 production in CD4+ T-cells is shown in (A). Basal 
IL-27 production in serum samples of young (4 mths old) and old (16 mths old) C57BL/6 mice were measured 
by ELISA. Mice were euthanised, vena cava blood was collected, and IL-27 was measured in serum (B). Flow 
cytometry data shows the mean ± SD of 4-8 mice per group. (** P ≤ 0.04; Mann-Whitney Rank Sum Test). 
ELISA Data are shown as mean ± SD of 16 mice per group (* P ≤ 0.01; Mann-Whitney Rank Sum Test) 

3.2.11 Loss of IL-6 results in reduced IL-21 and IL-27 production in older mice 

By using IL-6-/- mice, the effect of IL-6 signalling, on IL-21 and IL-27 production in young and 

old mice was analysed. Intracellular flow cytometry analysis was performed on spleen cells of 

young and old C57BL/6 and IL-6-/- mice. Whereas IL-21 production in CD4 T-cells from young 

C57BL/6 and IL-6-/- mice was similar, IL-21 expression was abrogated in older IL-6-/- mice and 

a significant difference compared to old C57BL/6 was observed (Fig. 21B). IL-27p28 production 

in the TR1 population was also investigated in C57BL/6 and IL-6-/- mice. Like IL-21 expression 

in CD4 T-cells, IL-27p28 production was also significantly reduced in old IL-6-/- mice when 

compared to their C57BL/6 counterpart. In young mice, there was no difference in IL-27p28 

production (Fig. 21D).  
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Figure 21. Decreased IL-21 and IL-27p28 production in the absence of IL-6 
Single spleen cell suspensions from young (2 mths old) and old (17 mths old) C57BL/6 and IL-6-/- mice were 
stimulated for 5 h with PMA/Ionomycin and Brefeldin A or for 24 h with LPS and Brefeldin A. Labelled for flow 
cytometry with Abs against TCR-β, CD8, LAG3, FoxP3 IL-21 and IL-27p28. Representative dot plots are shown 
in (A) and (C). The relative proportion of IL-21 in TCR-β+ CD8- (CD4+) and IL-27p28 in the TR1 population is 
shown in the bar graphs (B) and (D) respectively. Gate for IL-27p28 is set based on unstimulated controls. 
Results are shown as mean ± SD of 4 – 8 mice per group and is representative of 1 experiment. (* P ≤ 0.02, ** 
P ≤ 0.004; Two-way ANOVA with Tukey’s multiple comparison) 

3.2.12 Loss of IL-21 or IL-27 signalling affects specific FoxP3- regulatory populations 

In the present work, TFH-10 cells and TR1 cells are the source of increased IL-10 production 

by CD4 T-cells in old age. Because IL-21 and IL-27 were identified as factors for the induction 

or differentiation of these cells respectively95,148. IL-21-/- and IL-27Rα-/- mice were used to 

determine the effect of these cytokines on accrual of TFH-10 and TR1 cells in advancing age. 

Using intracellular flow cytometric analysis, the proportions of TFH-10 and TR1 cells in CD4 

T-cells of young and old C57BL/6 and mutant mice were examined. Young C57BL/6 and  

IL-21-/- mice had similar frequencies of TFH-10 and TR1 cells whereas in old mice, there was a 

significant reduction of both cell populations when IL-21 was deleted (Fig. 22A—C). Likewise, 

old IL-27Rα-/- mice had a significant decrease in the frequency of TR1 cells when compared to 

old C57BL/6 mice (Fig. 23C). But contrary to IL-21-/- mice, the TFH-10 population in IL-27Rα-/- 

mice remained unaffected by the loss of IL-27 signalling (Fig. 23B). In young mice, there was 
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no significant difference in TFH-10 or TR1 frequencies in either group (Fig. 23B, C). These 

results indicate that IL-21 signalling is not only important for the differentiation of TFH-10 cells 

but also for TR1 cells whereas IL-27 signalling plays a more specific role in the differentiation 

of cells to a TR1 phenotype. It also shows that both IL-21 and IL-27 signalling plays a more 

significant role in accrual of FoxP3-negative IL-10-producing cells in old age. 

 

  
Figure 22. IL-21 deficiency alters TFH-10 and TR1 cell frequencies in old but not young mice  
Single spleen cell suspensions from young (2 mths old) and old (17 mths old) C57BL/6 and IL-21-/- mice were 
stimulated for 5 h with PMA/Ionomycin, blocked with Brefeldin A and labelled with Abs against TCR-β, CD8, 
FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10 for flow cytometry analysis. The relative proportions of TFH-10- (A, 

B) and TR1-producing cells (A, C) in the TCR-β
+
 CD8

-
 (CD4

+
) T-cells population in the different mouse strains 

are depicted in the plots and bar charts above. Results are shown as mean ± SD of 4 – 8 mice per group (**P 
< 0.01 *** P < 0.0003, **** P < 0.0001; Two-way ANOVA with Tukey’s multiple comparison). 
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Figure 23. IL-27Rα deficiency alters TR1 but not TFH-10 cell frequencies in old mice  
Single spleen cell suspensions of young (2 mths old) and old (14 mths old) C57BL/6 and IL-27Rα-/- mice were 
stimulated for 5 h with PMA/Ionomycin, blocked with Brefeldin A and labelled with Abs against TCR-β, CD8, 
FoxP3, Lag3, CXCR5, PD-1, IFNγ and IL-10 for flow cytometry. The relative proportions of TFH-10- (A, B) and 

TR1-producing cells (A, C) in the TCR-β
+
 CD8

-
 (CD4

+
) T-cells population in the different mouse strains are 

depicted in the plots and bar charts above. Results are shown as mean ± SD of 4 – 8 mice per group and is 
representative of 2 experiments (**P < 0.01 *** P < 0.0003, **** P < 0.0001; Two-way ANOVA with Tukey’s 
multiple comparison). 

3.2.13 Transcription factor expression in the FoxP3-negative CD4 T-cell population is 
decreased in mutant mice 

Recognising that changes in transcription factors activity is a hallmark of aging2, the 

relationship between transcription factors and the cytokines IL-6, IL-21 and IL-27 was 

investigated to understand molecular mechanisms involved in the accumulation of TFH-10 and 

TR1 cells with age. Two of the transcription factors examined were Early Growth Response 

Gene 2 (EGR2), described by Okamura et al in FoxP3- regulatory T-cell populations171, and 

cMAF, which was identified as one of the strongest candidates for IL-10 induction in CD4 

T-cells due to its correlation with IL10 mRNA expression172. Therefore, in the present thesis 

single spleen cell suspension from young and old C57BL/6, IL-6-/-, IL-21-/-, or in the case of 

IL-27R-/- only old mice, were stimulated and stained for EGR2 or cMAF in the TFH-10 and TR1 

A 

B C 



RESULTS 

60 
 

populations. As expected, both transcription factors were increasingly expressed in TFH-10 

and TR1 cells in old C57BL/6 mice when compared to younger mice (Fig. 24A—D). 

The expression of EGR2 in TFH-10 cells was also decreased in IL-6-/- and IL-21-/- mice when 

compared to old C57BL/6 mice (Fig. 24A). cMAF was also reduced in TFH-10 cells from old 

mutant mice but the difference was only significant when old IL-6-/- and C57BL/6 mice were 

  

 
 

 

Figure 24. Decreased expression of EGR2 and cMAF in young and old IL-6-/- and IL-21-/- mice 
Single spleen cell suspensions young (2 mths old) and old (14 mths old) C57BL/6, IL-6-/- and IL-21-/- mice were 
stimulated for 5 h with PMA/Ionomycin and Brefeldin A, then stained for flow cytometry with Abs against 
TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ, IL-10, cMAF and EGR2. The relative proportions of EGR2 (A & C) 
and cMAF (B & D) expression within the TFH-10 and TR1 cells in TCR-β+ CD8- (CD4+) T-cells population of the 
different mouse strains are depicted in the bar charts above. Results are shown as mean ± SD of 4 – 8 mice 
per group (*P ≤ 0.04, **P ≤ 0.003, ***P ≤ 0.0004; Two-way ANOVA with Tukey’s multiple comparison). 
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compared (Fig. 24B). When compared to old C57BL/6 mice, the expression of both EGR2 and 

cMAF in TR1 cells was significantly reduced in old IL-6-/- and IL-21-/- mice (Fig. 24 C, D). 

When old IL-27Rα-/- mice were compared to old C57BL/6 mice, EGR2 was significantly reduced 

in TR1 but not in TFH-10 cell while cMAF expression was significantly impaired in TFH-10 but 

not in TR1 cells from mutant mice (Fig. 25A—D). Hence, IL-27 appears to selectively support 

the expression of EGR2 and cMAF in TR1 and TFH-10 cells respectively. Taken together, these 

results suggest that an interplay between cytokine signalling and transcription factor 

expression leads to the development of FoxP3-negative regulatory CD4 T-cell subsets during 

aging.  

  

  

Figure 25. Decreased expression of transcription factors in old IL-27Rα-/- mice 
Single spleen cell suspensions from young (5 mths old) and old (13 mths old) C57BL/6, and IL-27Rα-/- mice 
were stimulated for 5 h with PMA/Ionomycin and Brefeldin A then stained for flow cytometry with Abs against 
TCR-β, CD8, FoxP3, Lag3, CXCR5, PD-1, IFNγ, IL-10, cMAF and EGR2. The relative proportions of EGR2 (A & C) 
and cMAF (B & D) expression within the TFH-10 and TR1 cells in TCR-β+ CD8- (CD4+) T-cells population of the 
different mice strains are depicted in the bar charts above. Results are shown as mean ± SD of 4 – 8 mice per 
group (**P ≤ 0.002; Two-way ANOVA with Tukey’s multiple comparison). 
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3.2.14 Comparative in vitro study of the suppressive effect of FoxP3-negative 
regulatory T-cells 

To investigate the suppressive activity of TFH-10 or TR1 cells, Lag3-negative effector T-cells 

(Teff) sorted from young FoxP3DTR mice were labelled with CellTraceTM violet and co-cultured 

in vitro under T-cell receptor stimulation (anti-CD3/CD28) with FoxP3-positive Tregs, 

FoxP3-negative Lag3-positive TFH-10 and TR1 cells from older FoxP3DTR mice in a 1:1 ratio. 

After 72 hours, proliferation of Teff with or without the addition of regulatory cells was 

analysed by flow cytometry. During proliferation, each peak depicts the dye dilution between 

generations of T-cells (Fig. 26). Addition of TFH-10 cells significantly decrease the proliferation 

of Teff by 20%. To determine if the suppressive effect of TFH-10 cells was a result of IL-10 

production, an IL-10 receptor block (αIL-10R) was added to another culture of Teff and TFH-10. 

The addition of the αIL-10R reversed the suppressive effect of TFH-10 cells and the 

proliferation of Teff was similar to Teff without TFH-10 cells (Fig. 26A, B). 

The effect TR1 cells have on inhibiting proliferation was also tested and a difference of roughly 

9% was observed between the proliferating Teff and Teff with TR1 cells (Fig. 26C, D). As an 

internal experimental control, Tregs were also sorted and used to inhibit the proliferation of 

Teff. A marked suppression of Teff, by 41.8%, was observed (Fig. S2).  

To mimic antigen-specific effects during infection with Mtb, bone marrow derived dendritic 

cells from young C57BL/6 mice were co-cultured with CellTraceTM labelled Teff, TFH-10 or TR1 

CD4 T-cells from old P25 TCR transgenic mice in the presence of P25 peptide antigen as a 

stimulant. On day 4, proliferation of Teff was measured by flow cytometry. Although not 

significant, proliferation was inhibited when TFH-10 or TR1 cells were added to the culture, 

with TFH-10 cells having a stronger inhibitory effect on proliferating effector T-cells in 

comparison the TR1 cells. When αIL-10R was added to the culture of Teff with TFH-10 or TR1 

cells, a slight increase in proliferation was observed (Fig. S3). The data confirm the suppressive 

activity of IL-10 and suggest that TFH-10 plays a more important role as a regulatory cell than 

TR1 cells. A limitation of this experiment was the lack of regulatory cells from young mice to 

draw comparisons with the results from older mice. This is because young mice produce 

significantly fewer TFH-10 and TR1 cells which would mean that an incredibly large number of 

mice would have had to be sacrificed to obtain enough cells for such an experiment. An 

interesting question would be whether TFH-10 and TR1 cells from young mice are as 
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suppressive as those from old mice and whether it is only because of their low numbers in 

young mice that we do not detect any effects of these cells on the immune response. 

  

 
  

 
Figure 26. TFH-10 and TR1 cells suppress the proliferation of effector T-cells in an antigen-unspecific 
manner 
The suppressive effects of the different regulatory T-cells populations were assessed using flow cytometry. 
Single spleen cell suspensions from young and old FoxP3DTR mice were enriched for CD4+ T-cells by magnetic 
cell separation. Cells from younger mice where subsequently sorted into Lag3-negative effector T-cells, 
labelled with CellTraceTM Violet and activated with CD3/CD28. Cells from older mice were sorted in to 3 distinct 
regulatory T-cell populations: FoxP3-positive Tregs, FoxP3-negative Lag3-positive TFH or TR1 cells and 
co-cultured for 72 hrs with the CellTraceTM Violet labelled effector T-cells from young FoxP3DTR at a ratio of 
1:1. Result shown in (A, C) is the dilution of the proliferation dye in effector T-cells. Bar graph in (B, D) shows 
percentage decrease of proliferation of effector cells after co-culture with regulatory T-cell. Bar graph in (B) 
also shows the effect of IL-10 signalling blockade on TFH-10 cells and proliferation 
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The increased expression of IL-6 with age increases the population of regulatory FoxP3- IL-10+ 

CD4 T-cells that could impair immune responses. How IL-6 leads to the increase in this cell 

population is still unclear, as phosphorylation of STAT proteins at the tyrosine residue after 

classical or trans-signalling did not lead to an increase in regulatory FoxP3- TFH-10 or TR1 cells 

in old mice. However, the loss of IL-6 signalling and the subsequent loss of its downstream 

cytokine targets such as IL-21 or IL-27 led to a significant reduction in transcription factors 

involved in the accrual of TFH-10 and TR1 cells. Furthermore, the results in the present thesis 

showed that IL-10 production by TFH-10 and TR1 cells suppresses T-cell proliferation in an 

antigen-dependent and -independent manner. 

Increased production of regulatory cells is shown to be detrimental during infection and 

mouse models highlight the effects of Treg expansion in Mtb infections. The present thesis 

aims to find out whether the age-dependent increase of FoxP3- regulatory cells inadvertently 

increases susceptibility to Mtb infection. 

3.3 Infection and aging in experimental TB 

Although TB affects individuals of all ages, the relative rates of new cases and deaths amongst 

the elderly is increased17. Reduced naïve T-cell output by the thymus, defined by their reduced 

capacity for cell proliferation as well as increased numbers of antigen-specific Treg are some 

of the most consistent reported effects of aging on the immune system90. The present work 

shows an increase in the population of FoxP3- regulatory CD4 T-cells with age. The extent to 

which the increase of FoxP3- regulatory CD4 T-cells is relevant to the susceptibility and 

progression of Mtb infection is of interest. In line with these findings, young and old C57BL/6 

and mice with altered IL-27 signalling was employed in the present thesis to profile and 

understand inflammatory and regulatory responses in geriatric pulmonary tuberculosis. 
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3.3.1 Effect of aging on progression of Mtb infection in young and old wild-type 
mice 

 

Figure 27. Schematic of the in vivo Mtb experiments 
At the indicated time points after aerosol infection with 100 CFU Mtb H37Rv,mice were sacrificed and 
bacterial load and immune responses in the lungs were measured and analysed  

3.3.1.1 Increased CFU counts in older mice 

In sections 3.1.2 and 3.1.3 of the present thesis, FoxP3- CD4 T-cells were unmasked as major 

IL-10 producers in aged mice. With this information, young and old C57BL/6 mice were 

infected with 100 CFU Mtb. The bacterial load in the lungs of these mice were investigated 

and the effects of aging on the course of infection at 49-, 72- and 84-days post infection were 

assessed. Younger mice were better able to control the infection (Fig. 28). Although no 

significant difference in bacterial loads in the lungs was found 49 days after the initial aerosol 

infection, older mice still showed a tendency to have higher bacterial burdens than younger 

mice at this time point. As infection progressed, a reduction in bacterial burden by 

approximately 0.5 log10 units was recorded after CFU counts on days 72-and 84 in the lungs of 

younger mice. A significant reduction in bacterial load was also observed when young and old 

mice were compared on day 72- and day 84. In older mice, the bacterial load over the course 

of infection from day 49 through till day 84 remained constant (Fig. 28). This lack of reduction 

in bacterial burden in older mice points to an inability of these mice to control the infection. 

 

 
 
Figure 28. Aged mice are less successful at 
controlling Mtb infection 
After aerosol infection of young (4 mths old) and old 
(24 mths old) C57BL/6 mice with 100 CFU Mtb. A 
colony enumeration assay in lung tissue was 
performed over the course of infection at different 
time points post infection. Results are shown as 
mean ± SD of 4 – 5 mice per group (*P ≤ 0.04; 
two-way ANOVA with Sidak’s multiple comparison).  
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3.3.1.2 Increased infiltration of FoxP3-negative regulatory T-cells into the lung tissue of 
older mice during Mtb infection 

With the knowledge that the bacterial burden is increased in older mice, close attention was 

paid to the CD4 T-cells response. It is known that Mtb infection leads to increased infiltration 

of pathogen-specific Tregs to the site of infection173,174 which could delay Teff infiltration and 

lead to increased bacterial load. Consequently, the present thesis investigated the infiltration 

of other regulatory immune cells at the infection site on day 49 and day 72 post infection. This 

was done by preparing single cell suspensions from lung tissue of young and old C57BL/6 mice, 

stimulating them with α-CD3/CD28 antibodies and staining TFH-10 and TR1 cells for flow 

cytometry. At both time points, significantly increased frequencies of circulating TFH-10  

(Fig. 29A) as well as TR1 (Fig. 29B) cells were detected in lung tissue of older mice. 

As presented in this thesis, FoxP3- regulatory CD4 T-cells are already increased in lymphoid 

organs of uninfected old mice. Because infiltration of uninfected lungs with immune cells is 

absent, confirmation of infection induced increase in TFH-10 and TR1 cells was also performed 

using single spleen cell suspension of age matched Mtb infected and uninfected C57BL/6 mice. 

For both cell subsets, there was a significant increase in TFH-10 and TR1 frequencies in the 

spleen of older mice after Mtb infection in comparison to older uninfected mice (Fig. 29C, D). 

However, in younger mice, frequencies of both cell populations were similar in both infected 

and uninfected cohorts (Fig. 29C, D). This result suggests that in addition to Tregs, 

FoxP3-negative regulatory TFH-10 and TR1 cells are also recruited to the site of Mtb infection 

and age affects the frequency of regulatory cells infiltrating lymphoid organs and infected 

tissue.  
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✱✱✱ ✱

Figure 29. Mtb infected lungs of older mice show an increase in FoxP3- regulatory CD4 T-cells 
Young and old C57BL/6 mice were divided into infected and uninfected cohorts. Aerosol infection was 
performed with 100 CFU Mtb. At the indicated time points after infection , single cells suspension from lung 
tissue and spleens of both infected and uninfected mice were stimulated for 5 h with anti-CD3/CD28 and 
labelled with Abs against CD4, CXCR5, PD-1, LAG3, FoxP3, IL-10 and IFNγ. The bar chart above show the relative 
frequencies of TFH-10 cells within the FoxP3- PD-1/CXCR5+ IL-10+ CD4 T-populations (A, C) and TR1 within the 
FoxP3- LAG3+ IL-10/IFNγ+ CD4 T-populations (B, D). Results are shown as mean ± SD of 4 - 5 mice per group. 
(*P ≤ 0.04, **P≤ 0;001 two-way ANOVA with Sidak’s multiple comparison). 

3.3.1.3 After Mtb infection, recruitment of ESAT-6-specific CD4 T-cells is unaffected by age 

Infections with Mtb lead to the development of a complex immune response with a mixed 

population of antigen-specific CD4 T-cells that are critical for clearing Mtb bacteria. Some of 

the CD4 populations include TH1 and even suppressive regulatory CD4 T-cells. 

ESAT-6, a secreted Mtb antigen, elicits a strong TH1 immune response that provides the best 

protection compared to other Mtb antigens, as it has immunodominant properties and is 

recognised by the immune cells throughout the infection175,176. In one report, despite adoptive 

transfer of ESAT-6-specific CD4 T-cells prior to infection, there was a delay in protective 
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immune response, mainly due to the inactivity of the transferred cells177, potentially indicating 

regulatory cell action on the transferred cells.  

In the present thesis, ESAT-6-specific CD4 T-cell frequencies and numbers were measured 

after aerosol infection with 100 CFU Mtb in C57BL/6 mice to assess the impact of the 

age-related TFH-10 and TR1 cell increase on the antigen-specific immune response to Mtb. At 

day 49 and day 72, single cell suspension from infected lungs of young and old mice were 

stimulated with ESAT-6 and CD4 T-cells were subsequently stained with an MHC-II tetramer 

I-Ab ESAT6(4-17) (Fig. 30A—C). Although no significant difference was observed in the 

frequencies of ESAT-6-specific cells on day 49 or day 72, a 2-fold increase in the percentage of 

antigen-specific CD4 T-cells was observed as infection progressed in both young and old mice 

(Fig. 30A, B). When the absolute number of antigen-specific CD4 T-cells were analysed, no 

significant difference between young and old mice was observed at either timepoint of 

analysis (Fig. 30C), although the total number tended to decrease in older mice.  

 

 
 
 

Figure 30. Expansion of antigen-specific CD4 T-cells in Mtb-infected lungs of young and old mice. 
After aerosol infection of young and old C57BL/6 mice with 100 CFU of Mtb, single cells suspension from the 
lungs were obtained at the indicated time, stimulated for 1 h 15 mins with ESAT-6 and labelled with Abs against 
CD90.2, CD4, CD44, CD62L and ESAT6(4-17) I-Ab MHC II tetramer for flow cytometric analysis. Density plots show 
the relative frequencies (A) while bar chart shows relative frequencies (B) and absolute cell numbers (C) of 
activated ESAT6(4-17) I-Ab specific antigen in CD4 (CD44+ CD62L-) T-cells. Results are shown as mean ± SD of 4 - 
5 mice per group. 
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3.3.1.4 Increased induction of T-cell response in old mice infected with Mtb 

TNF-, IFNγ- and IL-2-producing multifunctional T-cells (MuFTs) and IL-17-secreting TH17-cells 

have been shown to be protective immune responses to Mtb infections178,179 and 

correspondingly represent some of the cytokines that are increased in during 

inflammaging75,105. However, since the ability to control Mtb growth is reduced in older mice 

(Fig. 28), flow cytometric experiments were performed after polyclonal (α-CD3/CD28) or 

antigen-specific (STCF) stimulation of single cell suspensions of infected lung cells from young 

and old mice to determine whether the age-related increase in FoxP3- regulatory CD4 T-cells 

affects the production MuFTs and TH17-cells. 

Mice were infected with 100 CFU of Mtb and at the indicated timepoints after infection, single 

cell suspensions from lung tissue were obtained and labelled for flow cytometry. After 

polyclonal T-cell stimulation, there was no significant difference in the frequencies of MuFTs 

between young and old mice at the earlier timepoint of infection, but by day 72, older mice 

had significantly increased frequency of MuFTs (Fig. 31B). When an STCF re-stimulation was 

performed, older mice still had increased frequencies of MuFTs than younger mice, although 

a significant difference in cytokine production was recorded at day 49 (Fig .31D). In addition, 

when the frequency of TH17-cells was investigated, it was also significantly increased at day 

49 in older mice. As the infection progressed, IL-17A production from TH17-cells in both young 

and old mice decreased under polyclonal T-cell or antigen-specific re-stimulatory conditions 

(Fig. 31C, E). IL-17 production was significantly higher in older mice than in young mice  

(Fig. 31C, E). The results indicate that with aging, the release of inflammatory cytokines 

increases during Mtb infection, without this being influenced by the increased number of 

Foxp3- regulatory CD4 T-cells. While this would suggest a better prognosis for older mice, this 

is not the case as older mice had a higher bacterial load. 
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Figure 31. The induction of MuFTs and TH17-cells is increased in older mice after Mtb infection 
Young and old C57BL/6 mice were infected via aerosol with 100 CFU Mtb. At the indicated time points after 
infection, single cell suspensions from the lungs was prepared, stimulated for 5 h with anti-CD3/CD28 or STCF 
and labelled with Abs against CD90.2, CD4, CD44, IL-17, IL-2, TNF and IFNγ. Density plots show the gating 
strategy (A) and bar chart above depicts the relative frequencies of MuFTs (B & D) and Th17-cells (C& E) within 
the CD4+ CD44+ T-cell population. Data are shown as mean ± SD of 4 - 5 mice per group (*P ≤ 0.01, two-way 
ANOVA with Sidak’s multiple comparison). 
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3.3.2 Effects of aging on the outcome of Mtb infection in IL-27Rα-/- mice 

3.3.2.1 Effective IL-27 signalling is important for controlling of bacterial burden in older 
mice 

Regarding Mtb, studies show that young mice deficient in IL-27Rα have significantly lower 

bacterial burden and increased number of inflammatory immune cells that localise to TB 

granulomas178,180,181. Furthermore, work in this thesis shows increased IL-27 in serum of old 

mice, and thus, increased TR1 cell frequencies. Because Mtb infection increases the number 

of infiltrating regulatory cells at the site of infection, which have adverse effects on bacterial 

clearance, the work in this thesis sought to understand the possibly detrimental role TR1 cells 

play in TB progression in old age. 

C57BL/6 and IL-27Rα-/- mice were used to evaluate the effect of the loss of TR1 cells on 

bacterial burden in young and old mice. Accordingly, mice were infected with 100 CFU Mtb 

and bacterial loads on day 21 and day 43 post infection. were determined (Fig. 32). At day 21 

post-infection, no significant difference was observed between CFUs counts in the lungs of 

young C57BL/6 and IL-27Rα-/- mice. However, the bacterial load in old IL-27Rα-/- mice was 

already significantly higher than in old C57BL/6 mice. As infection progressed to day 43 

bacterial load in young IL-27Rα-/- mice decreased by approximately 1 Log compared to young 

C57BL/6 mice. In contrast, the bacterial burden in old IL-27Rα-/- mice significantly increased 

(approx. 1.2-fold increase) when compared to old C57BL/6 wildtype mice. These data suggest 

that IL-27 plays an important protective role in TB during aging, whereas it has a detrimental 

effect at young age. 

 

✱✱✱

✱
✱

 

Figure 32. Loss the IL-27Rα leads 
to an increase in bacterial burden 
in older mice 
After aerosol infection of young (4 
mths old) and old (14 mths old) 
C57BL/6 and IL-27Rα-/- mice with 
100 CFU Mtb, colony enumeration 
assay of lung tissue was performed 
over the course of infection at 
different time points (21 and 43) 
post infection. Data are shown as 
mean ± SD of 4 – 5 mice per group 
(*P ≤ 0.04, ***P ≤ 0.001; two-way 
ANOVA with Sidak’s multiple 
comparison).  
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3.3.2.2 Increase in TR1 cell frequencies during Mtb infection does not occur when IL-27 
signalling is lost 

So far, the present thesis revealed that, when IL-27 signalling is lost, there is a marked 

reduction in the frequency of TR1 cells with age. Additionally, the loss of IL-27 signalling does 

not affect the TFH-10 cell population in older mice. Hence, the effect of IL-27Rα deficiency on 

the frequencies of TR1 cells in the context of an Mtb infection was investigated. Young and 

old C57BL/6 and IL-27Rα-/- mice were infected via aerosol with 100 CFU Mtb. At the indicated 

timepoints post infection, single cell suspension of lung tissue was obtained, stimulated with 

anti-CD3/CD28 antibodies and fluorescently for flow cytometry in order to determine the 

relative proportion of TR1 cells in the FoxP3- CD4 T-cell population (Fig. 33) At day 21 post-

infection, no significant difference in the frequency of TR1 cell was observed between all 

mouse groups. On day 43, however, TR1 cells increased in young and old C57BL/6 mice, 

whereas in the IL-27Rα-/- mice the TR1 frequency remained similar to day 21, with a slight 

decrease in TR1 cell frequency in young IL-27Rα-/- mice. There was indeed a significant 

difference in TR1 cell frequency in young IL-27Rα-/- mice compared to young C57BL/6 mice at 

day 43 post-infection. The same cannot be said when comparing the old cohorts because 

although TR1 frequency was lower in old IL-27Rα-/- mice compared to old C57BL/6 mice, this 

increase was not significant.  

This result confirms what others have shown that during experimental TB, less infiltration of 

TR1 cells occurs when IL-27 signalling is disrupted178.  

 

 
Figure 33. Loss of IL-27 signalling affects TR1 cell frequencies  
Young (4 mths old) and old (14 mths old) C57BL/6 and IL-27Rα-/- mice were infected via aerosol with 100 CFU 
Mtb. At the indicated time points after infection, single cells suspension from the lungs were prepared, 
stimulated for 5 h with anti-CD3/CD28 and labelled with Abs against CD4, CXCR5, PD-1, LAG3, FoxP3, IL-10 and 
IFNγ. The dot plots and bar chart above show the relative frequencies of TR1 cells within the FoxP3- LAG3+ 
IL-10/IFNγ+ CD4 T-cells. Result is shown as mean ± SD of 4 - 5 mice per group, (*P ≤ 0.01; two-way ANOVA with 
Sidak’s multiple comparison). 
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3.3.2.3 Loss of IL-27 signalling leads to increased frequencies of antigen specific T-cell in 
old mice at late stages of Mtb infection  

In previous experiments in this thesis, no differences in the recruitment of antigen-specific 

ESAT-6 CD4 T-cell to the lungs of young and old C57BL/6 mice was found. To investigate the 

effect of a loss in IL-27 signalling on the recruitment of these important CD4 T-cells, young and 

old C57BL/6 and IL-27Rα-/- mice were analysed 21- and 43 days after infection with 100 CFU 

of Mtb. Single cell suspension from the lungs were obtained, stimulated with anti-CD3/CD28 

antibodies, and the ESAT-6-specific CD4 T-cells were determined by flow cytometry. As 

previously observed, in C57BL/6 mice, the recruitment of ESAT-6-specific CD4 T-cells was 

similar in young and old mice at both time points, whereas at day 21, young IL-27Rα-/- mice 

had significantly higher frequencies of the antigen-specific CD4 T-cell population compared to 

old IL-27Rα-/- mice. By day 43 however, the frequency of antigen-specific CD4 T-cells in young 

IL-27Rα-/- mice decreased. In contrast, this cell population was found to be significantly 

increased in old IL-27Rα-/- mice when compared to all the other mouse groups (Fig. 34). This 

result suggests that IL-27 signalling hampers the recruitment of ESAT-6 antigen-specific cells 

to the site of infection. In young mice, this recruitment occurs at early stages while in older 

mice at a later phase of Mtb infection. 

 
 

Figure 34. Loss of IL-27Rα promotes an expansion of antigen-specific T-cells in older mice late in infection 
Young (4 mths old) and old (14 mths old) C57BL/6 and IL-27Rα-/- mice were infected via aerosol with 100 CFU 
Mtb. At the indicated time points post infection, single cells suspension from the lungs were obtained, 
stimulated for 1h 15 mins with ESAT-6 antigen and labelled with Abs against CD90.2, CD4, CD44, CD62L and  
ESAT6(4-17) I-Ab MHC II tetramer. The representative dot plots and bar chart above shows the relative 
frequencies of the activated ESAT6(4-17) I-Ab specific antigen CD4 (CD44+ CD62L-) T-cells. Results are shown as 
mean ± SD of 4 - 5 mice per group, (*P ≤ 0.01, **P ≤ 0.001; two-way ANOVA with Tukey’s multiple comparison). 

3.3.2.4 Dysregulated IL-27 signalling results in increased frequencies of MuFTs  

The protective capability of T-cells during infection with intracellular pathogens is gauged on 

their ability to produce inflammatory cytokines and vaccine studies give an insight to what 
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CD4 T-cell subset confer immune protection against TB. A T-cell immune response that elicits 

the production of MuFTs co-expressing TNF, IFNγ and IL-2 positively correlates with protection 

from infection178,182. In this thesis, it was examined whether a loss in IL-27 signalling would 

improve induction of MuFT cells with age. Consequently, young and old C57BL/6 and  

IL-27Rα-/- mice were infected with 100 CFU of Mtb and at the indicated timepoints, single cell 

suspension from lung tissue was stimulated with anti-CD3/CD28, labelled for flow cytometry 

and the relative proportion of MuFT-cells was evaluated. At 21 days post infection, where the 

other 3 groups show that the frequencies of MuFTs are similar in the young cohorts and old 

C57BL/6 mice, the frequency of MuFT in older IL-27Rα-/- mice was already significantly 

increased. On day 43 post infection, frequency of MuFT cells in young and old C57BL/6 mice 

were lower than albeit without statistical significance that what was measured on day 21. In 

young IL-27Rα-/- mice the relative proportion of MuFT cells was only slightly increased. The 

infiltration with MuFT cells in old IL-27Rα-/- mice was similar on day 21 and day 43 (Fig. 35A) 

Another potent proinflammatory cytokine produced by CD4 T-cells during primary Mtb 

infection is IL-17A. This cytokine indirectly facilitates the recruitment of protective cells and 

promotes granuloma formation in the lungs. As previously described, the production of IL-17A 

and the expansion of TH17-cells during experimental TB is limited by the suppressive activity 

of IL-27178. To date, it is not clear whether this is a direct effect of TH17-cells or an indirect 

effect of IL-27 (e.g. TR1 cells). To examine if the frequency of TH17-cells with increasing age is 

also affected by IL-27 signalling, C57BL/6 and IL-27Rα-/- young and old mice were infected with 

100 CFU of Mtb. At the indicated timepoints post infection, single cell suspensions from lung 

tissue were prepared, labelled with antibodies for flow cytometry, and analysed. On day 21 

post infection, no significant difference in the frequencies of TH17-cells was observed 

between young C57BL/6 and IL-27Rα-/- mice as was the case in old C57BL/6 and IL-27Rα-/- 

mice. On day 43 post infection, a similar trend was observed (Fig. 35B). This result contradicts 

previous findings where the loss of IL-27Rα resulted in increased numbers and frequencies of 

IL-17A-producing TH17-cells178. Taken together, the results tell of a role IL-27 might play in 

inducing the production of proinflammatory multifunctional CD4 T-cells during Mtb infection 

in older mice and although the results do not show increased IL-17A production, abrogated 

IL-27 signalling results in an increased in other inflammatory mediators.  
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Figure 35. Increased frequencies of MuFT and TH17-cells in aged IL-27Rα-/- mice infected with Mtb 
Young (4 mths old) and old (14 mths old) C57BL/6 and IL-27Rα-/- mice were infected via aerosol with 100 CFU 
Mtb. At the indicated time points after infection, single cells suspension from the lungs were obtained, 
stimulated for 5 h with anti-CD3/CD28 and labelled with Abs against CD90.2, CD4, CD44, IL-17, IL-2, TNF and 
IFNγ. The representative dot plots and bar charts above show the relative frequencies of MuFTs (A) and TH17 
T-cells within the CD4+ CD44+ T-cells. Results are shown as mean ± SD of 4 - 5 mice per group, (*P ≤ 0.01, **P 
≤ 0.001; two-way ANOVA with Tukey’s multiple comparison). 

In summary, the results in the present thesis show that although old mice have a higher 

frequency of MuFTs and TH17-cells during Mtb infection than young mice, their presence does 

not reduce the number of viable bacteria in the lungs of old mice. This lack of bacterial control 

is probably due to the age-related increase in TFH-10 and TR1 regulatory cells, which could 

interfere with effector T-cell functions. Indeed, when TR1 cells are significantly reduced in 

IL-27Rα-/- mice, Mtb growth is better controlled.
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4 DISCUSSION  
Extension of human lifespan is an incredible feat of modern medicine1. However, for most 

individuals, longevity does not automatically come with improved health quality but rather 

with increased risks for sickness, infections and impaired vaccine response caused by 

immunosenescence and inflammaging. With aging affecting both arms of the immune system, 

including reduced pathogen uptake, increased ROS and cytokine production by cells of the 

innate immune system, or alterations to CD4 and CD8 T-cell numbers, it is important to have 

a comprehensive understanding of the many facets of changes that occur in the immune 

system during aging.  

The effects of aging on the immune system are particularly noticeable in CD4 T-cell 

populations because of the central role they play in inducing and mediating the adaptive 

immune response. The enhanced production of inflammatory cytokines by CD4 T-cells64,183 

alters their differentiation and subsequent immune responses. Indeed, genome studies on 

CD4 T-cells of old mice found distinct subsets with pro-inflammatory signatures that 

accumulated with age184. This age-associated increase in pro-inflammatory mediators was 

previously attributed to declining levels of the anti-inflammatory cytokine IL-10, but recent 

studies describe an increase in regulatory T-cell numbers and a resultant increase in IL-10 with 

age90,121,123. However, it is still unclear whether this increase in IL-10 originates from the 

FoxP3+ or the FoxP3- regulatory T-cell subset. Consequently, the present thesis aims to 

characterised IL-10 production in both FoxP3+ and FoxP3- populations of CD4 T-cells. 

IL-6, a recognised marker for determining the severity of inflammaging114, is responsible for 

the induction of IL-10+ CD4 T-cells24. It presumably induces the degradation of FoxP3185 and 

promotes the accumulation of FoxP3- regulatory cells95. However, the mechanism by which 

IL-6 signalling modulates of this FoxP3- regulatory population in aging is yet to be understood, 

as the complex nature of IL-6 signalling, involving at least three different modes, makes this 

challenging. Therefore, the work in the present thesis sought to understand how IL-6 signalling 

in old age contributes to increased FoxP3- IL-10+ CD4 T-cells. 

The concrete role FoxP3- IL-10+ regulatory CD4 T-cells play in increasing susceptibility to 

infections in the elderly is yet to be elucidated. What previous research show is that regulatory 

cells increase at infection sites. For example, a study using mouse models of Leishmania 

infection showed an increased accumulation of FoxP3+ and FoxP3- regulatory cells at the site 
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of infection. Both these cells produced IL-10, but FoxP3- CD4 T-cells were the predominate 

source of IL-10186. In another study of patients with active TB, an impaired MHC-II-mediated 

delayed hypersensitivity response (DTH) was associated with a poorer disease outcome due 

to high circulating IL-10 levels and impaired CD4 T-cell response to mycobacterial antigens. 

This increase in circulating IL-10 was revealed to come from TR1-like cells with potent 

antigen-unspecific immunosuppressive properties187. In Mtb infections, these FoxP3- 

regulatory cells have only been addressed in the relation to cutaneous anergy. However, in 

the context of pulmonary tuberculosis during aging, the effects of these FoxP3-regulatory CD4 

T-cells have yet to be investigated. If these FoxP3- CD4 T-cells, like FoxP3+ CD4 Tregs, are 

increased with age90, it is safe to assume that FoxP3- regulatory cells are also readily recruited 

to infection sites, suppress effector cells functions and allow for easy establishment of the 

infective organism. Therefore, the work in this thesis also aims to investigate the relationship 

between FoxP3- regulatory CD4 T-cells, aging and establishment of a lung infection using an 

experimental TB model. 

The results of the present thesis show a direct correlation between IL-6 and the accrual of 

regulatory FoxP3- CD4 T-cells. Furthermore, it confirmed that the frequency of TR1 and TFH-10 

cells increase with age and are sources of increased circulating IL-10. These cells are also 

increased in the lungs during Mtb infection in the elderly and can therefore be targeted for 

depletion to better modulate the immune response. 

4.1 Aging is associated with increased IL-10 production from CD4 T-cells 

IL-10, originally identified as a product of TH2-cells is also produced by myeloid cells, B-cells 

and different regulatory CD4 T-cells. Following stimulation, IL-10 blocks the activation or 

release of inflammatory mediators and therefore serves as an immune regulator. In recent 

years, interest in the involvement of IL-10 in immune aging and diseases development has 

increased. In studies on age-related diseases, IL-10 reportedly had protective properties. It 

inhibited endothelial dysfunction and inflammation in blood vessels by abating the effects of 

angiotensin II188. Increased IL-10 production in centenarians with the IL10 promoter SNP 

1082G→A was also associated with healthy aging104. Conversely, a deficiency in IL-10 is 

beneficial to hosts during infections as studies using Leishmania major186 or Mycobacterium 

spp189 showed reduction in bacterial burden in the absence of IL-10. These studies highlight 

the protective and damaging properties of increased IL-10 production on immune function. 
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Measurement of IL-10 in elderly individuals has engendered some conflicting results, with 

some reporting decreased IL-10 secretion in older individuals while others detected increasing 

IL-10 levels with age121,122. Whereas these studies measured IL-10 levels in elderly humans 

after stimulation or during infection, the work in the present thesis measured basal level of 

IL-10 in serum and found that it was increased in older mice. Although aging increased overall 

circulating IL-10 level, this increase was not reflected in every tissue or cellular compartment 

of older mice as qRT-PCR revealed that spleen, lymph nodes and white adipose tissue were 

the sources of increased IL-10 production in old mice. The increased IL-10 in lymphoid organs 

can directly limit the differentiation of effector T-cell and possible explains the poor control of 

infections, and dampened vaccine response in old age. 

Conflicting results on changes in the innate immune system with age makes it difficult to 

define them as the main source of IL-10. Moreover, IL-10 production in young mice was found 

to be concentrated in B- and T-cells157, suggesting that these cells are likely sources of IL-10 in 

advanced age. Indeed, previous studies described B-cells as the source of increased IL-10 

production during aging. They showed that the treatment of aged mice with 

dehydroepiandrosterone sulphate (a natural steroid which declines with age) reduced B1 cell 

numbers and reversed excessive IL-10 production190,191. However, since these experiments 

were performed on B1 cells, which make up less than 5% of the total splenic B-cells, it follows 

that they cannot be responsible for the increased IL-10 production in old age. A later study 

examining total B cells refuted the claim that IL-10-producing B cells increase with age192, thus 

suggesting other sources for the increased IL-10 production in old age. While the data 

generated in the present thesis could not conclusively exclude B-cells as the main 

IL-10-producing cells, they do suggest that CD4 T-cells are a likely IL-10 source during aging, 

and given that CD4 cells have high IL-10 reserves, as seen in infections where IL-10 production 

by these cells is markedly increased193-196, they are ideal candidates for the cellular source of 

increased IL-10 production in old age. Notably, a study found increasing numbers of 

IL-10-producing CD4+CD44hi T-cells with age121.  

4.2 Lineage specificity of FoxP3- IL-10+ CD4 regulatory T-cells in aged mice 

IL-10 production by CD4 cells was originally attributed only to TH2-cells, as it can be stably 

expressed by these cells after differentiation197. In more recent studies, IL-10 has also been 

described as a property of other TH-cell subpopulations such as TH1 or TH17159,198. However, 
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since these subpopulations are assumed to have no regulatory functions, as they do not 

respond anergically to TCR stimulation or suppress T-cell proliferation199, it would be 

misleading to quantify IL-10 in all CD4 T-cells. Hence, the focus of the present thesis was on 

the regulatory CD4 T-cell populations 

A source of indispensable immunoregulatory IL-10 are professional regulatory T-cells that are 

either Foxp3+ or FoxP3- in nature. There is evidence linking the immunosenescent phenotype 

in advanced age to increased IL-10 secretion from FoxP3+ CD4 T-cells90, although our recent 

publication disputes this claim158. When we depleted FoxP3+ Tregs in aged mice, it did not 

result in a decrease in serum IL-10 but rather in its increase158. This indicates that sources 

other than FoxP3+ CD4 T-cells also contribute to increased IL-10 with age. Furthermore, 

preliminary results showed an increase in IL-10 production from FoxP3- CD4 T-cells after 

depletion of Foxp3+ Tregs200 [Unpublished doctoral dissertation] suggesting them as a likely 

source of increased IL-10 in advanced age. Results in the present thesis revealed an association 

between aging and increased FoxP3- CD4 T-cells. It also identifies these cells as a source of 

elevated IL-10 with age. 

These FoxP3- IL-10+ CD4 T-cells were thought to be derived from functional and genetic 

reprogramming of other TH-cell types. For example, Gagliani et al., demonstrated a 

trans-differentiation of TH17-cells to TR1-like cells that expressed IL-10 (exTH17 TR1) and were 

distinct from the original TH17 population in young mice159. The authors suggested these 

trans-differentiated cells are exTH17TR1 cells, but the findings in the present thesis do not 

corroborate this claim. Since TH17-cells transiently express IL-10 and markers associated with 

TR1 cells such as CD49b or the cytosolic transcription factor aryl hydrocarbon receptor 

(AhR)96,201, it is possible that the cells determined to be exTH17TR1 cells had temporarily 

downregulated typical TH17 markers in favour of TR1 markers. It is also conceivable that a 

small fraction of TR1 cells is derived from TH17-cells, but these have no significance in the 

context of aging. Beyond trans-differentiation, transient or complete loss of FoxP3 in old Tregs 

was thought to lead to the development of FoxP3- IL-10+ CD4 T-cells202 However, for Tregs to 

maintain suppressive or regulatory activities, continuous expression of FoxP3 is a 

requirement202. Furthermore, when Tregs lose their FoxP3 expression and become exTregs, 

they contribute to the aging phenotype by increasing inflammation, as they are themselves 

capable of producing proinflammatory cytokines such as IL-17A or IFNγ and can drive 

autoimmunity202,203 including type 1 diabetes or experimental autoimmune encephalomyelitis 
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(EAE). But regardless of their pro-inflammatory signature, exTregs are still capable of 

producing IL-10. Results in the present thesis revealed similar frequencies of IL-10-producing 

exTregs in both young and old mice. Despite similar exTreg frequencies, young mice did not 

have the typical features related to immune aging such as an overall increased basal IL-10 

level. Therefore, IL-10-producing exTregs can be excluded as the source of increased IL-10 and 

as mediators of immunosenescence/inflammaging in old age. Instead, the results of the 

present thesis imply that FoxP3- IL-10 regulatory cells are their own distinct population. 

Indeed, this thesis identified two separate FoxP3- cell populations that express TFH (called 

TFH-10) and TR1 markers as potential sources for the age-related increase of IL-10. One study 

in mice, for example, found that continuous exposure to LCMV resulted in an increase in IL-21 

and IL-10 secreted by CD4 T-cells, which increased the TFH-10 population204. This chronic 

exposure to viral antigens and the subsequent functional adaptation of CD4 T-cells in mice 

might reflect the human situation, in which an aged immune system with long term exposure 

to CMV or other antigen stimulants, does not only lead to clonal expansion of activated T-cells, 

but also to an increase in TFH-10 cells. Similarly, persistent antigenic stimulation is required 

for the activation of transcription factors (Irf1 and Batf) that are involved in TR1 differentiation 

in mice205. Therefore, antigenic insults over the course of a lifetime results in increased 

frequencies of TFH-10 and TR1 cells. 

4.3 IL-6: master regulator of FoxP3- IL-10+ CD4 T-cell with age  

Although progress is being made in understanding different subsets of CD4 T-cells, there is no 

clear insight to the exact mechanisms underlying the accrual of the Foxp3- regulatory subsets 

with age. It is known that the cytokine milieu in which CD4 TH-cells are stimulated dictates 

their polarisation. Research shows that advancing age, progressively skews the immune 

response towards a pro-inflammatory phenotype that results in a low-grade chronic 

inflammation and the subsequent degradation of FoxP3206,207. Whereas others report this 

inverse association between pro-inflammatory cytokines like IL-6 and FoxP3 expression on 

regulatory CD4 T-cells, the result in the present thesis shows that deficiencies in IL-6 has little 

to no effect on FoxP3 expression (Fig. S4). Rather, there is a significant correlation between 

increased IL-6 in old age and the accrual of a FoxP3- IL-10+ cell population that is comprised 

mainly of TFH-10 and TR1 cells. This ability of cells to secrete both pro- and anti-inflammatory 

cytokines in parallel, is an age-old story, where it is often observed that an increase in 
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pro-inflammatory mediators inadvertently leads to an increase compensatory 

anti-inflammatory mediators such as IL-10. The exact mechanism by which IL-6 increases this 

FoxP3- population with age is still unclear, but IL-6 stimulation of naïve CD4 T-cells in the 

presence of STAT3 inhibitors results in a marked reduction of IL-10 production in vitro95, 

suggesting the involvement of STAT3 in the accrual of this regulatory population. 

4.3.1 No direct impact of IL-6 classical or trans-signalling on TFH-10 or TR1 cell 
accrual 

The pleiotropic nature of IL-6 allows it to possess both pro- and anti-inflammatory 

characteristics. Compared to its inflammatory effects, mechanisms of anti-inflammation by 

IL-6 are not well understood. In some inflammatory diseases, IL-6 plays an indispensable role 

in suppressing T-cell infiltration by regulating IL-10 production and it is thought to enact this 

regulatory function via classical signalling and activation of JAK/STAT proteins208.  

Initial results in the present thesis suggested that IL-6 signalling via the classical signalling 

route would result in an increase in TFH-10 and/or TR1 cells. However, the absence of 

enhanced STAT1 Tyr701 or STAT3 Tyr705 phosphorylation following induction of the classical 

signalling pathway by IL-6 stimulation in older mice, indicates that this signalling route has no 

effect on the accrual of TFH-10 or TR1 cells with age. Consistent with this observation, older 

mice were found to have less of the membrane-bound IL-6Rα that enables classical signalling 

in cells. Additionally, the inducible knockdown of the membrane-bound IL-6Rα did not affect 

TFH-10 or TR1 populations, confirming that classical signalling is not involved in the 

maintenance of the FoxP3- regulatory CD4 T-cells. However, it is possible that the classical IL-6 

signalling pathway is necessary for the initial development of FoxP3- regulatory CD4 T-cells, 

which then accumulate with time, such that a transient knockdown of the classical signalling 

pathway in old mice has no effect on the frequencies of already established TFH-10 or TR1 

populations. 

The alternative trans-signalling route for IL-6, involving the binding of IL-6 to its soluble 

receptor and gp130, is described as a potent activator of inflammatory responses127,209. 

Because increased IL-6 with age is associated with inflammatory diseases and frailty, the 

circulating IL-6 likely signals via trans-signalling and inadvertently increases IL-10-producing 

cells. Furthermore, inflammation significantly impairs the expression of membrane-bound 

IL-6Rα and increases the serum concentration of sIL-6Rα at infection and inflammatory 

sites209. The increase in sIL-6Rα and the decreased expression of membrane-bound IL-6Rα 
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could explain why inflammatory diseases are often diagnosed in the elderly, as a reduction of 

membrane-bound IL-6Rα on CD4 T-cells of old mice, would force the cells to signal via the 

alternative trans-signalling route, thereby increasing inflammation. In addition, activation of 

trans-signalling is also determined by the ratio of IL-6Rα to gp130 available on the cell 

surfaces. One study found that when gp130 expression was higher than membrane-bound 

IL-6Rα, cells were forced to signal via trans-signalling210. In addition to the increased levels of 

sIL-6Rα, the results in the present thesis also reveal that the frequency of gp130 expression is 

higher than IL-6Rα on CD4 T-cells of older mice and therefore suggests an increased use of the 

trans-signalling pathway with age. Although the results in the present thesis indicate that 

aging results in increased activation of IL-6 trans-signalling, enhanced activity of this pathway 

could be excluded since the stimulation of CD4 spleen cells with HyIL-6 did not result in 

increased STAT phosphorylation and neither were TFH-10 nor TR1 cell populations reduced in 

old mice deficient in IL-6 trans-signalling. 

Trans-signalling-induced responses are regulated by the presence of its natural antagonist, 

sgp130, that ameliorates inflammation in animal models211,212. The present thesis 

demonstrates an age-related increase in sgp130 and therefore, suggests a reduced capacity 

for IL-6 trans-signalling in old mice. Remarkably, the regulatory functions of sgp130 extend 

beyond simply blocking trans-signalling. At high concentrations, sgp130 was able to block IL-6 

classical signalling by forcing free IL-6 into an IL-6/IL-6Rα/sgp130 complex213. Thus, in older 

mice, not only is trans-signalling inhibited, but there is also an indirect blockage of classical 

signalling mediated by sgp130. One can theorise that this regulation of IL-6 signalling and the 

subsequent attenuation of inflammatory responses is important for healthy aging and the 

reversal or slowing of inflammaging processes and immunosenescence. 

In addition to phosphorylation on its tyrosine residue, phosphorylation on the serine 727 

residue occurs as a secondary event for maximal activation of STAT3 166, and although research 

on the phosphorylation of STAT3 at the Ser727 residue has increased in recent years, 

particularly in the fields of cancer and cardiology, its role from an immunological perspective 

has taken a back seat. However, there is evidence that phosphorylation of STAT3 at its serine 

residue contributes to the maintenance of IL-21 production by CD4 cells in the presence of 

IL-6 by regulating Ca2+ in mitochondria214. It is therefore possible that STAT3 Ser727 activation 

in involved in increasing TFH-10 cells in old age. 
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STAT3 Ser727 phosphorylation is mediated by the activation of different kinases including the 

mechanistic target of rapamycin (mTOR) which is involved in many age-related defects, as 

inhibition of the TORC1 or TORC2 complex likely attenuates the aging phenotype by reducing 

Tregs, improving CD4 TCR signalling in a TORC2 complex dependent manner169, restraining the 

conversion of memory T-cells to CD28− TEM cells and diminishing IL-10 secretion215. Although 

its role in TFH differentiation is controversially discussed, mTOR has been shown to govern 

TFH cell differentiation via its TORC complexes. Whereas one study showed that inhibition of 

mTORC1 by rapamycin or small hairpin RNA (shRNA) promoted TFH differentiation during 

LCMV infection216, other studies found that loss of mTOR signalling reduced TFH 

differentiation and GC responses in mice217,218, suggesting that inhibiting mTOR enhances 

effector cell response while also regulating IL-10 accumulation. However, as none of these 

experiments were conducted in the context of aging and regulatory cell function, the precise 

effect of mTOR on TFH-10 cells with age remains elusive.  

Given the lack of information on the effects of mTOR signalling on TR1 cells, but by virtue of 

its involvement in regulating numerous TH-cell differentiations, a reasonable assumption is 

that mTOR signalling also affects the abundance of TR1 cells during aging.  

While the results in the present thesis do not shed light on how mTOR is affected by aging and 

if indeed it alters TFH-10 and TR1 frequencies, the result shows that phosphorylation of STAT3 

on its Ser727 residue increases with age. With mTOR being one of the kinases that 

phosphorylates STAT3 at Ser727, it can be suggested that mTOR activity also increases during 

aging. 

STAT3 activation is associated with the increase in IL-10118. However, the present thesis 

revealed that a transient knockdown of STAT3 on CD4 T-cells did not result in changes in the 

frequencies of TFH-10 or TR1 cells in old mice. This result does not necessarily rule out STAT3 

activity in the accrual of TFH-10 or TR1 cells. It could simply mean that the duration of the 

knockdown was not sufficiently long enough to cause any change to TFH-10 and TR1 

populations. Secondly, the abundance of various STAT proteins might lead to certain 

redundancies, so that a knockdown of STAT3 might activate compensatory mechanisms from 

other STAT proteins. 

The results in the present thesis so far suggest that phosphorylation of tyrosine residues by 

IL-6 classical or trans-signalling is dispensable for TFH-10 or TR1 accrual with age. Rather, 
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activation of the STAT3 protein by phosphorylation on its serine residue might play a more 

important role. 

4.3.2 IL-6 governs TFH-10 and TR1 accrual with age by regulating IL-21 and IL-27 
secretion by T-cells 

The present thesis sheds new light on the role of IL-6 during aging. Despite a general increase 

in pro-inflammatory mediators in the aging immune system, a decline in immune response to 

new antigens or vaccination is observed in elderly individuals3. One explanation for this is that 

IL-6 regulates the secretion various cytokines and the expression of genes related to the 

differentiation of FoxP3- regulatory CD4 T-cell subsets (Fig. 36). IL-6 commits cells to a TFH 

lineage by driving IL-21 production and increasing Bcl-6 mRNA expression139. It also triggers 

the secretion of IL-27, a TR1 inducing cytokine140,219. Therefore, increased circulating IL-6 

suggest that cytokines downstream of IL-6 are also increased. Indeed, serum levels for IL-21 

and IL-27 were elevated in old mice which is in accordance with human studies that report 

elevated levels of IL-21 and IL-27 in sera of elderly individuals154,220. Furthermore, the 

knockout of IL-6 resulted in a reduced secretion of both IL-21 and IL-27 in CD4 T-cells.  

The increase of IL-21 and IL-27 were previously associated to age-associated inflammation. 

However, the work in the present thesis directly links IL-21 and IL-27 to the accrual of 

IL-10-producing TFH cells (TFH-10) and TR1 cells with age. In other studies, the expansion of 

these FoxP3- regulatory cells is described as an indirect effect of IL-27 that is mediated by 

IL-21161,221, and therefore define IL-21 as a downstream target of IL-27. Consistently, results in 

this thesis show that the loss of IL-21 significantly reduces both populations of TFH-10 and TR1 

cells in old mice. Unlike the previous studies that describe an association between IL-27 and 

TFH differentiation221, abrogation of IL-27 signalling in the present thesis only resulted in a 

significant reduction of TR1 cells but not TFH-10 cells in old mice. One explanation is that IL-27 

signalling also determines TH-cell lineage at the molecular level. For example, IL-27 signalling 

promotes the expression of the transcription factor Blimp-1, which then inhibits TFH 

differentiation by blocking Bcl-6 transcription222. 

Amongst the series of transcription factors involved in the development of TFH cells, cMAF is 

strongly induced in TFH differentiation and its expression is associated with increased 

production of IL-21 and IL-10161,223,224. IL-21 likely acts in an autocrine fashion to transactivate 

cMAF, which in turn leads to a further activation of IL-21 genes. In accordance, results from 

old IL-21-/- mice show decreased cMAF expression in TFH-10 and TR1 cells. Additionally, 
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TFH-10 and TR1 cells of IL-6-/- mice also show a decrease in cMAF expression. This is because 

IL-6 indirectly activates cMAF via the IL-21/STAT3 pathway139,225. Another underlying 

mechanism for cMAF expression and IL-10 production is the IL 27-dependent STAT3 signalling 

and activation of downstream elements161. Furthermore, IL-27 induces the transcription of 

AhR that in combination with cMAF optimises the transactivation of IL21 and IL10 

promoters226. In line with this, cMAF expression in TFH-10 cells of old IL-27Rα-/- mice is 

significantly reduced whereas TR1 cells only show a slight reduction in cMAF expression. This 

suggest that IL-27 via the activation of cMAF can trigger IL-10 production in TFH-10 cells of old 

mice but might employ a different strategy when stimulating IL-10 production from TR1 cells. 

EGR2 expression characterises cells as anergic and these anergic cells share similarities with 

regulatory cells227. In old age, suboptimal TCR stimulation results in long-term 

hypo-responsiveness and a subsequent increase in EGR2. This weak TCR stimulation is 

essential for IL-27 mediated EGR2 induction219. EGR2 promotes IL-10 production by activating 

Blimp-1 in an IL-27/STAT3 dependent pathway219 and confers T-cells with LAG3+ phenotype 

(Fig. 36), a typical marker for TR1 and immune exhaustion219,228,229. LAG3 in conjunction with 

IL-10 contributes to the regulatory nature of TR1 cells. Indeed, the result in the present thesis 

revealed that older mice express significantly more ERG2 than younger mice. Unlike in TFH-10 

cells, EGR2 was significantly reduced in TR1 cells of old IL-27Rα-/- mice and suggests the 

importance of that TR1 differentiation via EGR2 and IL-27 signalling. In addition to IL-27, IL-6 

induces EGR2, Blimp-1 and IL-10 expression in a STAT3 dependent manner219 which is 

consistent with the results of the present thesis showing a significant reduction of EGR2 and 

IL-10 in old IL-6-/- mice. The marked decrease of EGR2 in the absence of IL-6, IL-21 or IL-27 

signalling elucidates the importance of these cytokines in the development and maintenance 

of TFH-10 and TR1 cells. 
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Although STAT3 inducing cytokines are associated with transcription factors that trigger IL-10 

production in CD4 T-cells, the experiments carried out in the present thesis could not verify 

the precise mechanisms of the accrual of TFH-10 and TR1 cells by STAT3 activation. This 

therefore needs further examination. 

4.3.3 Antigen-dependent and independent action of TFH-10 and TR1 cells 

Aged individuals and mice have increases levels of IL-10 production from various regulatory 

CD4 T-cell subsets90,121,158. Indirectly, IL-10 can inhibit mediators of the adaptive immune 

system by forcing them to express tolerogenic molecules which leads to the induction of even 

more IL-10-producing regulatory cells99. IL-10 also acts directly on T-cells in a suppressive 

manner either by inhibiting cytokine expression or halting proliferation and the differentiation 

of effector cells subsets119. 

Within the compartment of regulatory CD4 T-cells, TR1 cells have been reported to exhibit 

high regulatory activity, mainly due to the action of IL-1097,230. However, two things stood out 

in these studies. 1). All FoxP3- IL-10+ CD4 T-cells were always classified as TR1 cells and not 

further subdivided into other populations. 2). Antigen-specific TR1 cells were used when 

investigating the suppressive capacity of TR1 cells. In the present thesis, FoxP3- IL-10+ CD4 

Figure 36. Cytokine induced generation of TFH-10 and TR1 cells 
Increased IL-6 and IL-27 production with age activates STAT3 dependent signalling pathways that promote the 
expression of the transcription factor EGR2 and induction of Blimp-1 which is critical for the activation of LAG3 
and IL-10 and a consequent increase in LAG3+ IL-10 TR1 cells. STAT3 dependent IL-27 signalling induces AhR 
and cMAF that synergistically enhance IL-21 and IL-10 production from TFH-10 cells. IL-21 and IL-27 produced 
by TFH-10 and TR1 respectively, can act in an autocrine manner to further enhance their generation. IL-10 
produced by TFH-10 and TR1 cells suppress effector T-cell and inhibit optimal immune responses. 
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T-cells were divided into two distinct populations and the antigen-specific and -unspecific 

suppressive activity of both populations was tested individually. TR1 cells were found to 

suppress Teff proliferation only slightly in an antigen-independent manner. A possible 

explanation is that TR1 cells need to be antigen-specific to effectively suppress Teff cell 

proliferation230, which could explain why significant inhibition of CD4 Teff cell proliferation 

was not achieved. The present thesis also failed to demonstrate an antigen-specific 

suppressive effect for TR1 cells. One reason for this could be that a high number of TR1 cells 

is required to suppress Teff cell proliferation in vitro. Indeed, others show an 

antigen-dependent suppression of proliferating cells by TR1 cells only when the ratio of TR1 

cells is much higher than that of effector cells230. This therefore suggests that an abundance 

of TR1 cells in required for effects of the suppression of this population to be measurable in 

vitro. 

For a long time, TR1 cells were classified as the main suppressive cells of the FoxP3- CD4 T-cell 

population. However, the result in the present thesis has expanded on this population and 

describes TFH-10 as a second subset of FoxP3- cells that also secret high levels of IL-10. This 

finding is consistent with a study in children in which a population of TFH cells lacking FoxP3 

expression, with high IL-10 secretion and the ability to supress T-cells proliferation was also 

found in the tonsils231. These tonsillar TFH cells suppressed immune responses and controlled 

inflammation to foreign antigens in an antigen-independent manner. Consistent with the 

dominant role of IL-10 in immune suppression, the results in the present found that the 

suppression of Teff proliferation mediated by TFH-10 is antigen-dependent as well 

as -independent and relies on IL-10, because a blockade of the IL-10R abolished the 

suppressive effect of TFH-10 cells. 

The result in the present thesis unveils TFH-10 cells as more potent suppressor cells than the 

previously described TR1 cells and suggest them as likely targets for modulation to counter 

the effects of immunosuppression in old age. 

4.4 Implication of Mtb infection in aged hosts  

Although Mtb infection occurs in all age groups, post-primary TB most often occurs in elderly 

individuals. Using a mouse model, the work in the present thesis tries to delineate how TFH-10 

and TR1 cells populate the infected lung in Mtb infected young and old mice and how a 

modulation of these cells affects the disease progression in aged animals. 
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The outcome of Mtb infection depends on a well-orchestrated immune response that 

encompasses both the innate and adaptive immune system. Because the cells of the innate 

immune system are relatively intact during aging, the increased susceptibility to TB with age 

is probably a result of defects in the adaptive immune responses. Besides, others have shown 

that control of Mtb infection is dependent on a CD4 T-cell TH1 response with the production 

of cytokines such as IFNγ, IL-12 and TNF232. This therefore indicates that the decline in CD4 

TH1 response with age contributes to the increased susceptibility of elderly individuals to Mtb 

infections. Indeed, initial susceptibility studies demonstrated an inability of old mice to control 

Mtb growth within lungs or peripheral organs after an intravenous infection23. This inability to 

control infection was a result of the defective accumulation of CD4 T-cells. In contrast, a low 

dose aerosol infection of old mice showed a transient control of bacterial growth at the early 

stages of infection that is associated with increased numbers of circulating CD8 T-cells232. 

These CD8 T-cells accumulate over a lifetime due to previous pathogen exposure, are 

pre-activated and can therefore participate in the immune response to Mtb in an 

antigen-independent manner233,234. This activation of CD8 T-cells likely occurs via 

NK-associated receptors that are increasingly expressed on aged CD8 T-cells235. The present 

thesis confirms the ability of older mice to control bacterial growth only transiently. Whereas 

others showed old mice could control bacterial growth similarly to young mice up to 90 days 

post infection232, the present thesis revealed that younger mice had a significant reduction in 

bacterial load as early as 72 days post infection compared to older mice.  

Young mice effectively control bacterial growth early in infection, but unlike old mice, they do 

so by recruiting antigen-specific CD4 T-cells to their lungs, and this recruitment of 

antigen-specific CD4 T-cells in young mice is noticeable as early as 3 weeks post infection 233. 

Interestingly, results in the present thesis reveal that old mice elicit a similar immune response 

as young mice when Mtb infection progresses beyond 21 days. The frequency of infiltrating 

CD4 T-cells to the infected lungs of young and old mice was not significantly different (result 

not shown). Furthermore, the frequency and number of CD4 T-cells positive for ESAT-6 

antigen were comparable between young and old mice. It is possible that the cells generated 

in younger mice are more effective in controlling the bacteria because inflammaging profile in 

older mice results in the constant stimulation of immune cells, and as research has shown, 

persistent stimulation of CD4 T-cells causes cell exhaustion, terminally differentiation and a 

failure to confer protection against infections176. Alternatively, the delayed response of 
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antigen-specific CD4 T-cells by older mice enables replication and growth of bacteria to 

numbers that are far too great to be effectively controlled when antigen-specific cells are 

eventually recruited. Further experiments to test the efficacy and the kinetics of the 

antigen-specific cells produced in old mice could help clarify why the bacteria load was not 

reduced at the measured time points when compared to young mice. 

Overall, the results presented here indicate that old mice can elicit an antigen-specific immune 

response when infected with Mtb. Despite the similarities in immune response between 

young and old mice, older mice still showed increased bacterial burden. Another conceivable 

explanation would be production of IL-10 from regulatory T-cells at infection sites. These cells 

are recruited at the same rate as effector cells to the site of infection during Mtb infection174. 

In pro-inflammatory settings, these regulatory cells are beneficial to the host, as they would 

minimise the occurrence of TB lesions by dampening inflammatory responses. However, their 

immunosuppressive properties are also beneficial to Mtb growth. Given that the frequency of 

regulatory cells increases with age, their abundance could promote the growth and spread of 

bacteria. 

4.4.1 Cytokines of effector and regulatory CD4 T-cell immune response in Mtb 
infection during aging  

IL-6 is upregulated and plays a dual role during Mtb infections, as mice deficient in IL-6 were 

found to have a reduced TH1 response and increased bacterial loads after high doses of 

intravenous Mtb infection236. However, the effects of IL-6 where dispensable for the 

generation of specific immunity or control of aerosol Mtb infection237-239. In human studies, 

increased IL-6 expression is associated with a more rapid bacterial clearance240. While these 

studies may suggest that old individuals benefit from increased inflammatory mediators due 

to inflammaging, the long-term consequences of IL-6-induced inflammation likely affect Mtb 

infection inflammatory responses and granuloma formation. In mice, for example, IL-6 drives 

the differentiation of TH17-cells that are responsible for enhanced protection against Mtb and 

granuloma formation. However, an excessive induction of TH17 response during Mtb infection 

in mice drives neutrophilic pathology and Mtb growth241. Indeed, the results in this thesis 

show an increased TH17 response in old C57BL/6 mice, although they still have higher 

bacterial loads than younger mice. The increased production of IL-17A may also result in 

increased production of IL-10 from lung regulatory cells such as TR1, which act as a control for 

TH17 responses. Indeed, human studies show an association between increased IL-17 and 
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IL-10 in latent TB patients who later converted to active TB cases242. Along with enhancing 

inflammatory mediators, IL-6 secretion has also been shown to have detrimental effects on 

Mtb immune responses. In macrophages, it caused a reduction in IFNγ-induced uptake of Mtb 

and a downregulation of the effective targeting of the TORC1 complex of mTOR by IFNγ, 

resulting in increased IL-10 production243. Furthermore, the results in the present thesis and 

work carried out by others95 highlight the crucial role of IL-6 in the accrual of regulatory TFH-10 

and TR1 cells with age. These TR1 cells are recruited to the lung during Mtb infection178 and 

secrete high amounts of IL-10 that could possibly suppress the immune response to the 

infection. 

IL-10 is often used as a correlate for TB susceptibility and limits the immune system’s control 

of Mtb infection244,245. Consistent with its role in TB pathogenesis, IL-10 deficiency in the 

relatively resistant C57BL/6 mice resulted in a subtle reduction in Mtb bacterial load and an 

increase in IFNγ production245. This relationship between IL-10 and increased susceptibility 

was better demonstrated in experiments using susceptible CBA/J mice, which normally have 

higher basal levels of IL-10. Blockade of IL-10 signalling in these CBA/J mice resulted in reduced 

bacterial burden that was associated with an enhanced TH1-cell response246. Although results 

in the present thesis revealed that IL-10 is increased in older mice, this increase had no effect 

on multifunctional CD4 TH1-cell (IFNγ/TNF/IL-2) response. Admittedly, older mice had higher 

frequencies of multifunctional CD4 TH1-cells during Mtb infection, yet the magnitude of this 

immune response was not sufficient to effect bacterial clearance. It is possible that the 

excessive or prolonged activation of these multifunctional CD4 T-cells causes them to become 

exhausted and less effective247.  

There are varying reports on the cellular source of increased IL-10 production during Mtb 

infection. In one study, the macrophages of transgenic mice that overexpressed IL-10 were 

found to have a marked decrease in bactericidal function resulting in increased bacterial 

burden, although TH1-cell differentiation and function was unaffected125. However, in 

another study, IL-10 production by CD4 T-cells is described as the main culprit for an increased 

susceptibility to Mtb infections, because deletion of IL-10 specifically in CD4 T-cells made mice 

more resistant to Mtb infections than that their wild-type cohorts248. Findings in the present 

thesis show that under sterile conditions CD4 T-cells in the elderly produce the most IL-10 

within the adaptive immune system. This therefore suggests that an infection with Mtb is 

more easily established in the elderly, as IL-10 production from CD4 T-cells is an important 
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determinant in Mtb infection establishment. The results from human studies also parallel 

those of mouse studies, with IL-10 as well as TGF-β being elevated in bronchoalveolar lavage 

(BAL) fluid and serum from patients with active pulmonary tuberculosis244. Given that TGF-β 

is required for TR1 differentiation201, the increase in TGF-β during Mtb infection might further 

increase TR1 cells in the lungs of aged individuals. Indeed, Gerosa et al., identified a population 

of TR1-like Mtb antigen-specific CD4 T-cells that secreted both IL-10 and IFNγ in BAL fluid that 

was ineffective in reducing bacterial burden249. In the present thesis, the population of TR1 

and TFH-10 cells are found to be increased in the lungs of old infected mice. Collectively, these 

studies suggest that excessive IL-10 production impairs control of Mtb infection. With age, 

frequencies of regulatory TFH-10 and TR1 cells increases and may provide the necessary IL-10 

needed to suppress immune surveillance and lead to new infections or post-primary TB in the 

elderly.  

In the present thesis, an IL-6 dependent increase in the frequency of TFH-10 and TR1 cells was 

first detected in aged mice. Since infection with Mtb expands and activates regulatory T-cells 

in the lungs, the work here sought to determine if an infection with Mtb would have the same 

effect on TFH-10 and TR1 cells during Mtb infection in old mice. Similar to reports finding an 

increase in infiltrating Tregs173,250, the present thesis is also the first to report an increased 

frequency of TFH-10 and TR1 cells in the infected lungs of old mice. This increase in TFH-10 

and TR1 cells is induced by Mtb, because splenic TFH-10 and TR1 cells frequency were also 

increased in infected old mice. TR1 cells are thought to protect tissue damage under normal 

conditions by blocking TNF production and limit TH17 response251. In the case of Mtb 

infection, blocking the effects of TNF or TH17-cells is detrimental and increases susceptibility 

to TB disease. It is therefore plausible that an increase in TR1 plays a role in increasing 

susceptibility to severe outcomes of TB disease in the elderly. 

It is at this point not clear the exact role TFH-10 cells play in the pathogenesis of TB during 

aging. One likely effect of increased TFH-10 cells in the elderly is that it will aid in the 

production of antibodies that opsonise Mtb, thereby making them more permissive for uptake 

and growth within macrophages. Another outcome is that these TFH-10 cell, similar to Tregs 

and TR1 cells, also act in a regulatory manner by secreting high levels of IL-10 and suppressing 

the immune response to Mtb infection. 
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4.4.2 High-grade inflammation inhibits pathogen clearance 

IL-27, a cytokine with anti-inflammatory properties on a broad range of TH immune responses, 

is elevated during active TB in humans and hinders an effective immune response252. Indeed, 

studies in young mice highlight the immunoregulatory role of IL-27, because deletion of 

IL-27Rα resulted not only in enhanced bacterial clearance but also in increased 

immunopathology178,180. 

The results in the present thesis demonstrated that loss of IL-27 signalling reduces the 

population of TR1 cells in old mice. Therefore, the disruption of IL-27 signalling the subsequent 

reduced frequencies of TR1 cells should have increased protective immune responses in old 

mice. Indeed, the frequencies of ESAT-6 specific and multifunctional CD4 T-cells were 

increased in old IL-27Rα-/- mice after Mtb infection, but even this increase in TB-related 

protective immune response in old IL-27Rα-/- mice did not lead to a better control of bacterial 

growth, but rather to an increase in bacterial load. This finding suggests that inflammation has 

a bidirectional effect on infection, with the moderate inflammatory milieu in young IL-27Rα-/- 

mice providing an environment that is detrimental to bacterial growth, whereas the excessive 

inflammatory state in old IL-27Rα-/- mice, exacerbated by aging, promotes bacterial growth. 

Indeed, this hyper-inflamed milieu promoting bacterial growth, has been previously reported 

in other diseases253. With regards to TB, Brace et al., show that, inhibition of 

PI3K/Akt/mTORC1 metabolism increases expression and secretion of the MMP-1 gene and 

several proinflammatory cytokines254. This increase in inflammatory mediators enables TB 

pathology, increase in bacterial load and transmission of Mtb bacteria. In co-infection with 

HIV and Mtb, Interferon-gamma release assay positive (IGRA+) patients with an increased 

frequency of IFNγ+ IL-17+ cells progressed to active TB, while IGRA+ patients with more IL-10+ 

IL-17+ cells had a more specific TH17 response that was protective242. In the present study, the 

pre-existing proinflammatory state in older mice may create an enabling environment that 

promotes bacterial growth. 

The results presented here support the concept that a tightly regulated inflammatory and 

anti-inflammatory response is required for optimal immune protection. Although IL-10 

produced by TR1 and TFH-10 cells can be detrimental during infections, the loss of these cell 

populations and their control over the inflammatory response could lead to unsuccessful aging 

as well as impaired bacterial clearance in infections such as tuberculosis. 
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4.5 Why healthy aging matters  

Aging is a risk factor for developing chronic diseases and increased susceptibility to infections. 

Therefore, the shift in age demographic will have a profound impact on health systems 

worldwide. Aging is a multifactorial process making it is difficult to specify exact mechanisms 

that determine if an individual would have a healthy lifespan. Currently, the medical strategies 

that cater to this growing aging population is largely based on treating of symptoms of 

diseases as they arise. 

Studies using various species have vastly improved our understanding on aging processes and 

demonstrate that targeting one or more hallmarks of aging can delay onset of aging and 

age-related diseases. Of particular interest is inflammaging and the accompanying increase in 

circulating inflammatory mediators such as IL-6, that contributes to the immunosenescent 

phenotype in the elderly. Inflammaging reflects not only an increase in proinflammatory 

markers but also a concomitant increase in anti-inflammatory mediators. Indeed, results 

presented in this thesis show that the loss of IL-6 signalling reduces the number of 

IL-10-producing TFH-10 and TR1 regulatory cells, suggesting that blocking IL-6 may improve 

the immune response in the elderly. However, treatment of rheumatoid arthritis patients with 

tocilizumab, an IL-6R blocker, is associated with increased risk of infections255. Based on the 

results of the present thesis, it also appears that depletion of TR1 cells does not improve 

control of Mtb infection in old mice, even though proinflammatory mediators increase after 

TR1 depletion. Overall, these data suggest that a balance between pro- and anti-inflammatory 

mediators dictate the difference between immunopathological and healthy immune 

responses. This hypothesis is reflected in human studies in Italian centenarians, where 

increased IL-6 and a simultaneous increase in IL-10 production is associated with 

longevity103,104. Conversely, when IL-10 production is much higher than inflammatory 

mediators, a negative effect on the immune response to infection and vaccination is 

expected115.  

With a rapidly aging society, the cost of care and treatment for the elderly will rise, making 

preventive medical procedures such as immune modulation a viable strategy to mitigate the 

adverse effects of inflammaging in our aging population, but such intervention must achieve 

a fine-tuned balance between the secretion of pro- and anti-inflammatory mediators. 

Achieving this could lead to a lower incidence of age-related diseases and a better vaccine 

response in the elderly. 
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Summary 
Recent theories on aging immune systems describe a dysregulation in the cytokine network, 

with a predisposition towards increased pro-inflammatory cytokine production, called 

“inflammaging”. Paradoxically, aging is also accompanied by the increase in immune 

modulatory mediators, characterised by increase in IL-10. Both inflammaging and 

anti-inflammaging have profound effects on the immune response to pathogens. IL-6 is used 

as a measure of inflammaging and is reported to induce IL-10 production from T-helper cell 

subsets. In this thesis, the effect of IL-6 signalling on the accrual of FoxP3- IL-10+ CD4 T-cells 

and their impact on infection was explored and the following results were obtained: 

 A link between increased IL-6 and increased regulatory T-cells that lack FoxP3 

expression was established. These FoxP3- IL-10+ CD4 T-cells are predominantly TFH-10 

and TR1 cells.  

 Neither IL-6 classical- nor trans-signalling is involved in the accrual of TFH-10 or TR1 

cells. 

 Loss of IL-6 in aged mice alters the expression of transcription factors like cMAF and 

EGR2. These transcription factors are implicated in the accrual of TFH-10 and TR1 cells. 

 While TFH-10 cells are able to suppress T-cell proliferation in an antigen-independent 

manner, TR1 cells do not possess this trait. 

 Although the inflammatory response in older mice during Mtb infection is higher than 

in younger mice, older mice could not effectively control the growth of Mtb. 

 Increasing the inflammatory state by elimination of the TR1 population in older mice 

does not improve Mtb clearance. 

The work in this thesis demonstrates the importance of a balance in pro-inflammatory and 

anti-inflammatory immune mediators for healthy aging. Based on these results, 

IL-10-producing cells dampen the immune responses to infections or vaccinations but also 

protect the host from exacerbated immune responses. 
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Zusammenfassung 
Jüngste Theorien über das alternde Immunsystem beschreiben eine Dysregulation im 

Zytokinnetzwerk mit einer Tendenz zur vermehrten Produktion von entzündungsfördernden 

Zytokinen, die als "Inflammaging" bezeichnet wird. Paradoxerweise geht die Alterung auch 

mit einem Anstieg der immunmodulierenden Mediatoren einher, der durch einen Anstieg von 

IL-10 gekennzeichnet ist. Sowohl Inflammaging als auch Anti-Inflammaging haben 

tiefgreifende Auswirkungen auf die Immunreaktion auf Krankheitserreger. IL-6 wird als Maß 

für die Entzündung verwendet und induziert Berichten zufolge die IL-10-Produktion von 

T-Helferzellen-Untergruppen. In der vorliegenden Arbeit wurde die Auswirkung der 

IL-6-Signalisierung auf die Bildung von FoxP3- IL 10+ CD4 T-Zellen und ihre Auswirkungen auf 

die Infektion untersucht: 

 Es wurde ein Zusammenhang zwischen erhöhtem IL-6 und vermehrten regulatorischen 

T-Zellen hergestellt, denen die FoxP3-Expression fehlt. Bei diesen FoxP3- IL-10+ CD4 

T-Zellen handelt es sich überwiegend um TFH-10- und TR1-Zellen.  

 Weder die klassische noch die trans-Signalisierung von IL 6 ist an der Entstehung von 

TFH-10- oder TR1-Zellen beteiligt. 

 Der Verlust von IL-6 bei alten Mäusen verändert die Expression von 

Transkriptionsfaktoren wie cMAF und EGR2. Diese Transkriptionsfaktoren sind an der 

Vermehrung von TFH-10- und TR1-Zellen beteiligt. 

 Während TFH-10-Zellen in der Lage sind, die Proliferation von T-Zellen 

antigenunabhängig zu unterdrücken, verfügen TR1-Zellen nicht über diese Eigenschaft. 

 Obwohl die Entzündungsreaktion bei älteren Mäusen während einer Mtb-Infektion 

stärker ist als bei jüngeren Mäusen, konnten ältere Mäuse das Wachstum von Mtb 

nicht wirksam kontrollieren. 

 Die Erhöhung des Entzündungszustandes durch Eliminierung der TR1-Population in 

älteren Mäusen verbessert die Mtb-Clearance nicht. 

Die vorliegende Arbeit demonstriert, wie wichtig ein Gleichgewicht zwischen 

entzündungsfördernden und entzündungshemmenden Immunmediatoren für ein gesundes 

Altern ist. Basierend auf diesen Ergebnissen dämpfen IL-10 produzierende Zellen die 

Immunreaktionen auf Infektionen oder Impfungen, schützen aber auch den Wirt vor 

überschießenden Immunreaktionen.



BIBLIOGRAPHY 

96 
 

Bibliography 
1 Work. Preface Overview Humanity's Aging Living Longer New Disease Patterns Longer Lives 

and Disability New Data on Aging and Health Assessing the Cost of Aging and Health Care 
Changing Role of the Family Suggested Resources. 

2 López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The Hallmarks of Aging. 
Cell Press, Vol. 153   1194-1194, doi:  10.1016/j.cell.2013.05.039 (2013). 

3 Pawelec, G., Barnett, Y., Forsey, R., Frasca, D., Globerson, A., McLeod, J., Caruso, C., Franceschi, 
C., Fülöp, T., Gupta, S., Mariani, E., Mocchegiani, E., Solana, R. T cells and aging. Frontiers in 
bioscience, 7 (1) d1056-1183, doi:10.2741/A831 (2002). 

4 Promislow, D. E. L. & Anderson, R. A Geroscience Perspective on COVID-19 Mortality. Journals 
of Gerontology - Series A Biological Sciences and Medical Sciences, 75 (9) e30–e33, 
doi:10.1093/gerona/glaa094 (2020). 

5 Kang, Y. J. Mortality rate of infection with COVID-19 in Korea from the perspective of 
underlying disease. Disaster Medicine and Public Health Preparedness, 14 (3) 384-386 
doi:10.1017/dmp.2020.60 (2020). 

6 Laupland, K. B., Church, D. L., Mucenski, M., Sutherland, L. R. & Davies, H. D. Population-based 
study of the epidemiology of and the risk factors for invasive Staphylococcus aureus infections. 
Journal of Infectious Diseases, 187 (9) 1452-9, doi:10.1086/374621 (2003). 

7 Kauffman, C. A. Fungal infections in older adults. Clinical Infectious Diseases, 33 (4) 550-555, 
doi:10.1086/322685 (2001). 

8 Byun, H. O., Lee, Y. K., Kim, J. M. & Yoon, G. From cell senescence to age-related diseases: 
Differential mechanisms of action of senescence-associated secretory phenotypes. BMB 
reports, 48 (10) 549-58, doi: 10.5483/BMBRep.2015.48.10.122 (2015). 

9 Biagi, E., Candela, M., Fairweather-Tait, S., Franceschi, C. & Brigidi, P. Ageing of the human 
metaorganism: The microbial counterpart. Age, 34 (1) 247–267 doi:10.1007/s11357-011-
9217-5 (2012). 

10 Coppé, J. P., Patil, C. K., Rodier, F.,Sun, Y.,Muñoz, D. P., Goldstein, J.,Nelson, P. S., Desprez, P. 
Y., Campisi, J. Senescence-associated secretory phenotypes reveal cell-nonautonomous 
functions of oncogenic RAS and the p53 tumor suppressor. PLoS biology, 6 (12) 2853-68 
doi:10.1371/journal.pbio.0060301 (2008). 

11 Callender, L. A., Carroll, E. C., Beal, R. W. J., Chambers, E. S., Nourshargh, S., Akbar, A. N., 
Henson, S. M. Human CD8 + EMRA T cells display a senescence-associated secretory 
phenotype regulated by p38 MAPK. Aging Cell, 17 (1) e12675 doi:10.1111/acel.12675 (2018). 

12 Kruser, J. M. & Meyer, K. C. Lung Infections and Aging Molecular Aspects of Aging. 185-200 
doi:  10.1002/9781118396292.ch14 (2014). 

13 Lowery, E. M., Brubaker, A. L., Kuhlmann, E. & Kovacs, E. J. The aging lung. Clin Interv Aging, 8 
(1) 1489-1496, doi:10.2147/CIA.S51152 (2013). 

14 Steens, A., Eriksen, H. M. & Blystad, H. What are the most important infectious diseases among 
those ≥65 years: A comprehensive analysis on notifiable diseases, Norway, 1993-2011. BMC 
Infectious Diseases, doi:10.1186/1471-2334-14-57 (2014). 

15 Shivshankar, P., Boyd, A. R., Le Saux, C. J., Yeh, I. T. & Orihuela, C. J. Cellular senescence 
increases expression of bacterial ligands in the lungs and is positively correlated with increased 
susceptibility to pneumococcal pneumonia. Aging Cell, 10 (1) 798-806, doi:10.1111/j.1474-
9726.2011.00720.x (2011). 

16 Treanor, J. & Falsey, A. Respiratory viral infections in the elderly. Antiviral Research, 44 (2) 79–
102, doi: 10.1016/S0166-3542(99)00062-5   (1999). 



BIBLIOGRAPHY 

97 
 

17 Rajagopalan, S. Tuberculosis and aging: A global health problem. Clinical Infectious Diseases 
33, 1034-1039, doi:10.1086/322671 (2001). 

18 Moliva, J. I., Rajaram, M. V. S., Sidiki, S., Sasindran, S. J.,Guirado, E., Pan, X. J., Wang, S.H., Ross, 
P., Lafuse, W. P., Schlesinger, L. S., Turner, J., Torrelles, J. B. Molecular composition of the 
alveolar lining fluid in the aging lung. Age, 36 (3) 9633, doi:10.1007/s11357-014-9633-4 (2014). 

19 Torrelles, J. B., Azad, A. K., Henning, L. N., Carlson, T. K. & Schlesinger, L. S. Role of C-type lectins 
in mycobacterial infections. Current drug targets  9 (2) 102-12, doi: 
10.2174/138945008783502467 (2008). 

20 Gutierrez, M. G. Master, S. S., Singh, S. B., Taylor, G. A., Colombo, M. I., Deretic, V. Autophagy 
is a defense mechanism inhibiting BCG and Mycobacterium tuberculosis survival in infected 
macrophages. Cell, 119 (6) 753-66, doi:10.1016/j.cell.2004.11.038 (2004). 

21 Murray, J. M., Kaufmann, G. R., Hodgkin, P. D., Lewin, S. R., Kelleher, A. D., Davenport, M. P., 
Zaunders, J. J. Naive T cells are maintained by thymic output in early ages but by proliferation 
without phenotypic change after age twenty. Immunology and Cell Biology, 81 (6) 487-95, 
doi:10.1046/j.1440-1711.2003.01191.x (2003). 

22 Rezzani, R., Nardo, L., Favero, G., Peroni, M. & Rodella, L. F. Thymus and aging: Morphological, 
radiological, and functional overview. Age, 36 (1) 313-351, doi: 10.1007/s11357-013-9564-5. 
(2014). 

23 Orme, I. M., Griffin, J. P., Roberts, A. D. & Ernst, D. N. Evidence for a defective accumulation of 
protective T cells in old mice infected with Mycobacterium tuberculosis. Cell Immunol 147, 
222-229, doi:10.1006/cimm.1993.1062 (1993). 

24 Tsukamoto, H., Senju, S., Matsumura, K., Swain, S. L. & Nishimura, Y. IL-6-mediated 
environmental conditioning of defective Th1 differentiation dampens antitumour immune 
responses in old age. Nature Communications, 6 (1) 6702, doi:10.1038/ncomms7702 (2015). 

25 Kim, O. H., Kim, H., Kang, J., Yang, D., Kang, Y. H., Lee, D. H., Cheon, G. J., Park, S. C., Oh, B. C., 
Impaired phagocytosis of apoptotic cells causes accumulation of bone marrow-derived 
macrophages in aged mice. BMB Reports, 50 (1) 43-48 doi:10.5483/BMBRep.2017.50.1.167 
(2017). 

26 Mishra, B. B., Lovewell, Rustin R., Olive, A. J., Zhang, G., Wang, W., Eugenin, E., Smith, C. M., 
Phuah, J. Y., Long, J. E., Dubuke, M. L., Palace, S. G., Goguen, J. D.,Baker, R. E.,Nambi, S., Mishra, 
R., Booty, M. G., Baer, C. E., Shaffer, S. A., Dartois, V., McCormick, B. A., Chen, X., Sassetti, C. 
M. Nitric oxide prevents a pathogen-permissive granulocytic inflammation during tuberculosis. 
Nature Microbiology, 2 (1) 17072, doi:10.1038/nmicrobiol.2017.72 (2017). 

27 Hearps, A. C., Martin, G. E., Angelovich, T. A., Cheng, W. J., Maisa, A., Landay, A. L., Jaworowski, 
A., Crowe, S. M. Aging is associated with chronic innate immune activation and dysregulation 
of monocyte phenotype and function. Aging Cell, 11 (5) 867-75 doi:10.1111/j.1474-
9726.2012.00851.x (2012). 

28 Kozhevnikova, O. S., Telegina, D. V., Tyumentsev, M. A. & Kolosova, N. G. Disruptions of 
autophagy in the rat retina with age during the development of age-related-macular- 
degeneration-like retinopathy. International Journal of Molecular Sciences, 20 (19) 4804 
doi:10.3390/ijms20194804 (2019). 

29 Feldman, N., Rotter-Maskowitz, A. & Okun, E. DAMPs as mediators of sterile inflammation in 
aging-related pathologies Aging research reviews, 4 29-39, doi: 10.1016/j.arr.2015.01.003 
(2015). 

30 Hazeldine, J., Harris, P., Chapple, I. L.,Grant, M., Greenwood, H., Livesey, A., Sapey, E., Lord, 
J.M.  Impaired neutrophil extracellular trap formation: A novel defect in the innate immune 
system of aged individuals. Aging Cell, 13 (4) 690-698 doi:10.1111/acel.12222 (2014). 



BIBLIOGRAPHY 

98 
 

31 Fortin, C. F., Larbi, A., Dupuis, G., Lesur, O. & Fülöp, T. GM-CSF activates the Jak/STAT pathway 
to rescue polymorphonuclear neutrophils from spontaneous apoptosis in young but not 
elderly individuals. Biogerontology 8, 173-187, doi:10.1007/s10522-006-9067-1 (2007). 

32 Tortorella, C., Simone, O., Piazzolla, G., Stella, I. & Antonaci, S. Age-related impairment of GM-
CSF-induced signalling in neutrophils: Role of SHP-1 and SOCS proteins. Ageing research 
reviews, 6 (2) 81-93, doi: 10.1016/j.arr.2006.10.001 (2007). 

33 Przemska-Kosicka, A., Childs, C. E., Maidens, C., Dong, H., Todd, S., Gosney, M. A., Tuohy, K. 
M., Yaqoob, P., Age-related changes in the natural killer cell response to seasonal influenza 
vaccination are not influenced by a synbiotic: A randomised controlled trial. Frontiers in 
Immunology, 9 (1) 591, doi:10.3389/fimmu.2018.00591 (2018). 

34 Hazeldine, J., Hampson, P. & Lord, J. M. Reduced release and binding of perforin at the 
immunological synapse underlies the age-related decline in natural killer cell cytotoxicity. 
Aging Cell, 11 (5) 751-9, doi:10.1111/j.1474-9726.2012.00839.x (2012). 

35 Mariani, E., Meneghetti, A., Neri, S., Ravaglia, G., Forti, P., Cattini, L., Facchini, A,. Chemokine 
production by natural killer cells from nonagenarians. European Journal of Immunology, 32 (6) 
1524-9 doi:10.1002/1521-4141(200206)32:6<1524::AID-IMMU1524>3.0.CO;2-E (2002). 

36 Peters, T., Weiss, J. M., Sindrilaru, A., Wang, H., Oreshkova, T., Wlaschek, M., Maity, P., 
Reimann, J., Scharffetter-Kochanek, K., Reactive oxygen intermediate-induced 
pathomechanisms contribute to immunosenescence, chronic inflammation and 
autoimmunity. Mechanisms of Ageing and Development, 130 (9) 564-587 
doi:10.1016/j.mad.2009.07.003 (2009). 

37 Chelvarajan, R. L., Collins, S. M., Van Willigen, J. M. & Bondada, S. The unresponsiveness of 
aged mice to polysaccharide antigens is a result of a defect in macrophage function. Journal of 
Leukocyte Biology, 77 (4) 503-12, doi:10.1189/jlb.0804449 (2005). 

38 Gomez, C. R., Hirano, S., Cutro, B. T., Birjandi, S., Baila, H., Nomellini, V., Kovacs, E. J., Advanced 
age exacerbates the pulmonary inflammatory response after lipopolysaccharide exposure. 
Critical Care Medicine, 35 (1) 246-251, doi:10.1097/01.CCM.0000251639.05135.E0 (2007). 

39 Jing, Y., Shaheen, E., Drake, R. R., Chen, N., Gravenstein, S., Deng, Y. Aging is associated with a 
numerical and functional decline in plasmacytoid dendritic cells, whereas myeloid dendritic 
cells are relatively unaltered in human peripheral blood. Human Immunology, 70 (10) 777-84  
doi:10.1016/j.humimm.2009.07.005 (2009). 

40 Agrawal, A., Agrawal, S., Cao, J., Su, H., Osann, K., Gupta, S. Altered Innate Immune Functioning 
of Dendritic Cells in Elderly Humans: A Role of Phosphoinositide 3-Kinase-Signaling Pathway. 
The Journal of Immunology, 178 (11) 6912-6922, doi:10.4049/jimmunol.178.11.6912 (2007). 

41 Della Bella, S., Bierti, L., Presicce, P., Arienti, R., Valenti, M., Saresella, M., Vergani, C., Villa, M. 
L. Peripheral blood dendritic cells and monocytes are differently regulated in the elderly. 
Clinical Immunology, 122 (2) 220-228  doi:10.1016/j.clim.2006.09.012 (2007). 

42 Lung, T. L., Saurwein-Teissl, M., Parson, W., Schönitzer, D. & Grubeck-Loebenstein, B. 
Unimpaired dendritic cells can be derived from monocytes in old age and can mobilize residual 
function in senescent T cells. Vaccine, 18 (16) 1606-12 doi:10.1016/S0264-410X(99)00494-6 
(2000). 

43 Weyand, C. M. & Goronzy, J. J. Aging of the immune system: Mechanisms and therapeutic 
targets. Annals of the American Thoracis Society, 13 (5): S422–S428 doi: 
10.1513/AnnalsATS.201602-095AW. 

44 Miller, J. P. & Allman, D. The Decline in B Lymphopoiesis in Aged Mice Reflects Loss of Very 
Early B-Lineage Precursors. The Journal of Immunology, 171 (5) 2326-2330, 
doi:10.4049/jimmunol.171.5.2326 (2003). 



BIBLIOGRAPHY 

99 
 

45 Stephan, R. P., Sanders, V. M. & Witte, P. L. Stage-specific alterations in murine B 
lymphopoiesis with age. International Immunology, 8 (4) 509-18, doi:10.1093/intimm/8.4.509 
(1996). 

46 Gao, B., Lin, X., Jing, H., Fan, J., Ji, C., Jie, Q., Zheng, C.,Wang, D., Xu, X., Hu, Y., Lu, W., Luo, Z., 
Yang, L. Local delivery of tetramethylpyrazine eliminates the senescent phenotype of bone 
marrow mesenchymal stromal cells and creates an anti-inflammatory and angiogenic 
environment in aging mice. Aging Cell, 17 (3) e12741, doi:10.1111/acel.12741 (2018). 

47 Prata, L. G. P. L., Ovsyannikova, I. G., Tchkonia, T. & Kirkland, J. L.  Senescent cell clearance by 
the immune system: Emerging therapeutic opportunities. Seminars in Immunology 40 101275, 
doi: 10.1016/j.smim.2019.04.003 (2018). 

48 Freund, A., Orjalo, A. V., Desprez, P. Y. & Campisi, J.  Inflammatory networks during cellular 
senescence: causes and consequences. Trends in Molecular Medicine, 16 (5) 238-246, doi: 
0.1016/j.molmed.2010.03.003 (2010). 

49 Esplin, B. L. Shimazu, T., Welner, R. S., Garrett, K. P., Nie, L., Zhang, Q., Humphrey, M. B., Yang, 
Q., Borghesi, L. A.,Kincade, P. W. Chronic Exposure to a TLR Ligand Injures Hematopoietic Stem 
Cells. The Journal of Immunology, 186(9):5367-5375, doi:10.4049/jimmunol.1003438 (2011). 

50 Mann, M., Mehta, A., de Boer, C., Kowalczyk, M. S., Lee, K., Rogel, N., Knecht, A. R., Farouq, D., 
Regev, A., Baltimore, D., Heterogeneous Responses of Hematopoietic Stem Cells to 
Inflammatory Stimuli are Altered with Age. Cell reports, 25(11):2992-3005, doi: 
10.1101/163402 (2017). 

51 Kennedy, D. E. & Knight, K. L. Inhibition of B Lymphopoiesis by Adipocytes and IL-1–Producing 
Myeloid-Derived Suppressor Cells. The Journal of Immunology, 195 (6):2666-2674 
doi:10.4049/jimmunol.1500957 (2015). 

52 Naradikian, M. S., Myles, Arpita., Beiting, D. P., Roberts, K. J., Dawson, L., Herati, R. S., Bengsch, 
B., Linderman, S. L., Stelekati, E., Spolski, R., Wherry, E. J., Hunter, C., Hensley, S. E., Leonard, 
W. J., Cancro, M. P. Cutting Edge: IL-4, IL-21, and IFN-γ Interact To Govern T-bet and CD11c 
Expression in TLR-Activated B Cells. The Journal of Immunology, 195 (6) 2666-2674 
doi:10.4049/jimmunol.1600522 (2016). 

53 Frasca, D., Diaz, A., Romero, M., Vazquez, T. & Blomberg, B. B. Obesity induces pro-
inflammatory B cells and impairs B cell function in old mice. Mechanisms of Ageing and 
Development, 162 (1) 91-99, doi:10.1016/j.mad.2017.01.004 (2017). 

54 Ogawa, T., Kitagawa, M. & Hirokawa, K. Age-related changes of human bone marrow: A 
histometric estimation of proliferative cells, apoptotic cells, T cells, B cells and macrophages. 
Mechanisms of Ageing and Development, 117(1-3) 57-68, doi:10.1016/S0047-6374(00)00137-
8 (2000). 

55 Muschler, G. F., Nitto, H., Boehm, C. A. & Easley, K. A. Age- and gender-related changes in the 
cellularity of human bone marrow and the prevalence of osteoblastic progenitors. Journal of 
Orthopaedic Research, 19(1) 117-25, doi:10.1016/S0736-0266(00)00010-3 (2001). 

56 Ye, J., Wang, Y., Liu, X., Opejin, A., Hsueh, E. C.,Luo, H., Wang, T., Hawiger, D., Peng, G. Toll-like 
Receptor 7 signaling regulates Th17 cells and autoimmunity: novel potential for autoimmune 
therapy. J Immunol, 199 (3) 941-954, doi: 10.4049/jimmunol.1601890 (2017). 

57 Hao, Y., O'Neill, P., Naradikian, M. S., Scholz, J. L. & Cancro, M. P. A B-cell subset uniquely 
responsive to innate stimuli accumulates in aged mice. Blood, 118 (5) 1294-304 
doi:10.1182/blood-2011-01-330530 (2011). 

58 Kurupati, R. K., Haut, L. H., Schmader, K. E. & Ertl, H. C. J. Age-related changes in B cell 
metabolism. Aging, 11 (1) 4367-4381, doi:10.18632/aging.102058 (2019). 



BIBLIOGRAPHY 

100 
 

59 Jeng, M. Y., Hull, Philip A.Fei, M., Kwon, H. S., Tsou, C. L., Kasler, H., Ng, C. P., Gordon, D. E., 
Johnson, J., Krogan, N., Verdin, E., Ott, M. Metabolic reprogramming of human CD8+ memory 
T cells through loss of SIRT1. Journal of Experimental Medicine, 215 (1) 51-
62doi:10.1084/jem.20161066 (2018). 

60 Shi, Y., Yamazaki, T., Okubo, Y., Uehara, Y., Sugane, K., Agematsu, K. Regulation of Aged 
Humoral Immune Defense against Pneumococcal Bacteria by IgM Memory B Cell. The Journal 
of Immunology, 175 (5) 3262-3627, doi:10.4049/jimmunol.175.5.3262 (2005). 

61 Frasca, D., Landin, A. M., Lechner, S. C., Ryan, J. G., Schwartz, R., Riley, R. L., Blomberg, B. B. 
Aging Down-Regulates the Transcription Factor E2A, Activation-Induced Cytidine Deaminase, 
and Ig Class Switch in Human B Cells. The Journal of Immunology, 180(8):5283-5290. 
doi:10.4049/jimmunol.180.8.5283 (2008). 

62 Fox, J. T. & Stover, P. J. Chapter 1 Folate-Mediated One-Carbon Metabolism. Vitamins and 
Hormones,  Vol. 79   1-44, doi: 10.1016/S0083-6729(08)00401-9 (Academic Press, 2008). 

63 Tsukamoto, H., Huston, G. E., Dibble, J., Duso, D. K. & Swain, S. L. Bim Dictates Naive CD4 T Cell 
Lifespan and the Development of Age-Associated Functional Defects. The Journal of 
Immunology, 185 (8) 4535-4544, doi:10.4049/jimmunol.1001668 (2010). 

64 Pawelec, G., Derhovanessian, E., Larbi, A., Strindhall, J. & Wikby, A. Cytomegalovirus and 
human immunosenescence. Reviews in Medical Virology, 19 (1) 47-56, doi: 10.1002/rmv.598 
(2009). 

65 Wertheimer, A. M., Bennett, M. S.,Park, B., Uhrlaub, J. L.,Martinez, C., Pulko, V., Currier, N. L., 
Nikolich-Žugich, D., Kaye, J., Nikolich-Žugich, J. Aging and Cytomegalovirus Infection 
Differentially and Jointly Affect Distinct Circulating T Cell Subsets in Humans. The Journal of 
Immunology, 192 (5) 2143-2155, doi:10.4049/jimmunol.1301721 (2014). 

66 Kim, C., Jadhav, R. R., Gustafson, C. E.,Smithey, M. J.,Hirsch, A. J.,Uhrlaub, J. L.,Hildebrand, W. 
H.,Nikolich-Žugich, J.,Weyand, C. M.,Goronzy, J.J. Defects in Antiviral T Cell Responses Inflicted 
by Aging-Associated miR-181a Deficiency. Cell Reports, 29 (8) 2202-2216.e5 
doi:10.1016/j.celrep.2019.10.044 (2019). 

67 Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A. & Coffman, R. L. Two types of 
murine helper T cell clone. I. Definition according to profiles of lymphokine activities and 
secreted proteins. Journal of immunology (Baltimore, Md. : 1950), 136 (7) 2348-2357 (1986). 

68 Romagnani, S. Th1/Th2 cells. Inflammatory Bowel Diseases, 5 (4) 285-294 
doi:10.1097/00054725-199911000-00009 (1999). 

69 O'Garra, A.  Cytokines induce the development of functionally heterogeneous T helper cell 
subsets. Immunity, 8 (3) 275-283, doi: 1016/S1074-7613(00)80533-6 (1998). 

70 Mansfield, A. S. Nevala, W. K., Dronca, R. S., Leontovich, A. A., Shuster, L., Markovic, S. N. 
Normal ageing is associated with an increase in Th2 cells, MCP-1 (CCL1) and RANTES (CCL5), 
with differences in sCD40L and PDGF-AA between sexes. Clinical and Experimental 
Immunology, 170 (2) 186-193, doi:10.1111/j.1365-2249.2012.04644.x (2012). 

71 Suto, A., Wurster, A. L., Reiner, S. L. & Grusby, M. J. IL-21 Inhibits IFN-γ Production in 
Developing Th1 Cells through the Repression of Eomesodermin Expression. The Journal of 
Immunology, 177 (6) 3721-3727 doi:10.4049/jimmunol.177.6.3721 (2006). 

72 Fraternale, A., Brundu, S. & Magnani, M. Glutathione and glutathione derivatives in 
immunotherapy. Biological Chemistry, 398 (2) 261-275, doi: 10.1515/hsz-2016-0202 (2017). 

73 Chen, X., Deng, R., Chi, W., Hua, X., Lu, F., Bian, F., Gao, N., Li, Z., Pflugfelder, S. C.,de Paiva, C. 
S., Li, D.Q. IL-27 signaling deficiency develops Th17-enhanced Th2-dominant inflammation in 
murine allergic conjunctivitis model. Allergy: European Journal of Allergy and Clinical 
Immunology, 74 (5) 910-921, doi:10.1111/all.13691 (2019). 



BIBLIOGRAPHY 

101 
 

74 Conti, H. R., Shen, F., Nayyar, N., Stocum, E., Sun, J. N., Lindemann, M. J., Ho, A. W., Hai, J. H., 
Yu, J. J., Jung, J. W., Filler, S. G., Masso-Welch, P., Edgerton, M., Gaffen, S. L.  Th17 cells and IL-
17 receptor signaling are essential for mucosal host defense against oral candidiasis. Journal 
of Experimental Medicine, 206 (2) 299-311, doi:10.1084/jem.20081463 (2009). 

75 Ouyang, X.,  Yang, Z., Zhang, R., Arnaboldi, P., Lu, G., Li, Q., Wang, W., Zhang, B., Cui, M., Zhang, 
H., Liang-Chen, J., Qin, L., Zheng, F., Huang, B., Xiong, H. Potentiation of Th17 cytokines in aging 
process contributes to the development of colitis. Cellular Immunology, 266 (2) 208–217, 
doi:10.1016/j.cellimm.2010.10.007 (2011). 

76 Lee, J. S., Lee, W. W., Kim, S. H., Kang, Y., Lee, N., Shin, M. S., Kang, S. W., Kang, I.  Age-
associated alteration in naive and memory Th17 cell response in humans. Clinical Immunology, 
140 (1) 84-91, doi:10.1016/j.clim.2011.03.018 (2011). 

77 Meyer-Hermann, M. E., Maini, P. K. & Iber, D. An analysis of B cell selection mechanisms in 
germinal centers. Mathematical Medicine and Biology, 23 (3) 255-77 
doi:10.1093/imammb/dql012 (2006). 

78 Ma, C. S., Wong, N., Rao, G., Avery, D. T.,Torpy, J., Hambridge, T., Bustamante, J., Okada, S., 
Stoddard, J. L., Deenick, E.K., Pelham, S. J., Payne, K., Boisson-Dupuis, S., Puel, A., Kobayashi, 
M., Arkwright, P. D.,Kilic, S. S., El Baghdadi, J., Nonoyama, S., Minegishi, Y., Mahdaviani, S. A., 
Mansouri, D., Bousfiha, A., Blincoe, A. K., French, M. A., Hsu, P., Campbell, D. E., Stormon, M. 
O., Wong, M., Adelstein, S., Smart, J. M., Fulcher, D. A.,Cook, M. C., Phan, T. G., Stepensky, P., 
Boztug, K., Kansu, A., Ikincioʇullari, A., Baumann, U., Beier, R., Roscioli, T., Ziegler, J. B., Gray, 
P., Picard, C., Grimbacher, B., Warnatz, K., Holland, S. M., Casanova, J. L., Uzel, G., Tangye, S. 
G. Monogenic mutations differentially affect the quantity and quality of T follicular helper cells 
in patients with human primary immunodeficiencies. Journal of Allergy and Clinical 
Immunology, 136 (4) 993-1006.e1, doi:10.1016/j.jaci.2015.05.036 (2015). 

79 Faliti, C. E., Gualtierotti, R., Rottoli, E., Gerosa, M., Perruzza, L., Romagnani, A., Pellegrini, G., 
De Ponte Conti, B., Rossi, R. L., Idzko, M., Mazza, E. M. C., Bicciato, S., Traggiai, E., Meroni, P. 
L., Grassi, F. P2X7 receptor restrains pathogenic Tfh cell generation in systemic lupus 
erythematosus. Journal of Experimental Medicine, 216 (2) 317-336, 
doi:10.1084/jem.20171976 (2019). 

80 Bentebibel, S. E., Lopez, S., Obermoser, G., Schmitt, N., Mueller, C., Harrod, C., Flano, E., 
Mejias, A., Albrecht, R. A., Blankenship, D., Xu, H., Pascual, V., Banchereau, J., Garcia-Sastre, 
A., Palucka, A. K., Ramilo, O., Ueno, H. Induction of ICOS+CXCR3+CXCR5+ T H cells correlates 
with antibody responses to influenza vaccination. Science Translational Medicine, 5 (176) 
176ra32, doi:10.1126/scitranslmed.3005191 (2013). 

81 Choi, Y. S., Kageyama, R., Eto, D., Escobar, T. C., Johnston, R. J., Monticelli, L., Lao, C., Crotty, S. 
ICOS Receptor Instructs T Follicular Helper Cell versus Effector Cell Differentiation via Induction 
of the Transcriptional Repressor Bcl6. Immunity, 34 (6) 932-46 
doi:10.1016/j.immuni.2011.03.023 (2011). 

82 McAdam, A. J., Greenwald, R. J.,Levin, M.A.,Chernova, T., Malenkovich, N., Ling, V., Freeman, 
G. J., Sharpe, A. H. Icos is critical for CD40-mediated antibody class switching. Nature, 409 
(6816) 102-105 doi:10.1038/35051107 (2001). 

83 Yu, M., Yu, M., Li, G., Lee, W. W., Yuan, M., Cui, D., Weyand, C. M., Goronzy, J. J. Signal 
inhibition by the dual-specific phosphatase 4 impairs T cell-dependent B-cell responses with 
age. Proceedings of the National Academy of Sciences of the United States of America, 109 (15) 
E879-E888, doi:10.1073/pnas.1109797109 (2012). 

84 Waage, A., Brandtzaeg, P., Halstensen, A., Kierulf, P. & Espevik, T. The complex pattern of 
cytokines in serum from patients with meningococcal septic shock. Association between 
interleukin 6, interleukin 1, and fatal outcome. Journal of Experimental Medicine, 169 (1) 333-
338, doi:10.1084/jem.169.1.333 (1989). 



BIBLIOGRAPHY 

102 
 

85 Agrawal, A., Su, H., Chen, J., Osann, K., Agrawal, S., Gupta, S., Increased IL-21 secretion by aged 
CD4+T cells is associated with prolonged STAT-4 activation and CMV seropositivity. Aging, 4 
(1) 648-659, doi:10.18632/aging.100490 (2012). 

86 Herati, R. S., Reuter, M. A., Dolfi, D. V., Mansfield, K. D., Aung, H., Badwan, O. Z.,Kurupati, R. 
K., Kannan, S., Ertl, H., Schmader, K. E., Betts, M. R., Canaday, D. H., Wherry, E. J. Circulating 
CXCR5 + PD-1 + Response Predicts Influenza Vaccine Antibody Responses in Young Adults but 
not Elderly Adults. The Journal of Immunology, 193 (7) 3528-3357 
doi:10.4049/jimmunol.1302503 (2014). 

87 Miyara, M., Yoshioka, Y., Kitoh, A., Shima, T., Wing, K., Niwa, A., Parizot, C., Taflin, C., Heike, T., 
Valeyre, D., Mathian, A., Nakahata, T., Yamaguchi, T., Nomura, T., Ono, M., Amoura, Z., 
Gorochov, G., Sakaguchi, S. Functional Delineation and Differentiation Dynamics of Human 
CD4+ T Cells Expressing the FoxP3 Transcription Factor. Immunity, 30 (6) 899-911 
doi:10.1016/j.immuni.2009.03.019 (2009). 

88 Thornton, A. M., Korty, P. E., Tran, D. Q., Wohlfert, E. A., Murray, P. E., Belkaid, Y., Shevach, E. 
M. Expression of Helios, an Ikaros Transcription Factor Family Member, Differentiates Thymic-
Derived from Peripherally Induced Foxp3 + T Regulatory Cells. The Journal of Immunology, 184 
(7) 3433-3441, doi:10.4049/jimmunol.0904028 (2010). 

89 Yadav, M., Louvet, C., Davini, D., Gardner, J. M., Martinez-Llordella, M., Bailey-Bucktrout, S., 
Anthony, B. A., Sverdrup, F. M., Head, R., Kuster, D. J., Ruminski, P., Weiss, D., Von Schack, D., 
Bluestone, J. A. Neuropilin-1 distinguishes natural and inducible regulatory T cells among 
regulatory T cell subsets in vivo. Journal of Experimental Medicine, 209 (10) 1713-1722, 
doi:10.1084/jem.20120822 (2012). 

90 Garg, S. K., Delaney, C., Toubai, T., Ghosh, A., Reddy, P., Banerjee, R., Yung, R. Aging is 
associated with increased regulatory T-cell function. Aging Cell, 13 (3) 441-448, 
doi:10.1111/acel.12191 (2014). 

91 Gottenberg, J. E., Lavie, F., Abbed, K., Gasnault, J., Le Nevot, E., Delfraissy, J. F., Taoufik, Y., 
Mariette, X. CD4 CD25high regulatory T cells are not impaired in patients with primary 
Sjögren's syndrome. Journal of Autoimmunity, 24 (3) 235-42, doi:10.1016/j.jaut.2005.01.015 
(2005). 

92 Guo, Z., Wang, G., Wu, B., Chou, W. C., Cheng, L., Zhou, C., Lou, J., Wu, D., Su, L., Zheng, J., Ting, 
J. P. Y., Wan, Y. Y. DCAF1 regulates Treg senescence via the ROS axis during immunological 
aging. Journal of Clinical Investigation, 130 (11) 5893-5908, doi:10.1172/JCI136466 (2020). 

93 Roncarolo, M. G., Yssel, H., Touraine, J. L., Betuel, H., De Vries, J. E.,Spits, H. Autoreactive T cell 
clones specific for class I and class II HLA antigens isolated from a human chimera. Journal of 
Experimental Medicine, 167 (5) 1523-1534, doi:10.1084/jem.167.5.1523 (1988). 

94 Groux, H.,  O'Garra, A., Bigler, M., Rouleau, M., Antonenko, S., De Vries, J. E.,Roncarolo, M. G. 
A CD4+ T-cell subset inhibits antigen-specific T-cell responses and prevents colitis. Nature, 389 
(6652)737-42, doi:10.1038/39614 (1997). 

95 Jin, J. O., Han, X. & Yu, Q. Interleukin-6 induces the generation of IL-10-producing Tr1 cells and 
suppresses autoimmune tissue inflammation. Journal of Autoimmunity, 40 28-44, 
doi:10.1016/j.jaut.2012.07.009 (2013). 

96 Gagliani, N., Magnani, C. F., Huber, S., Gianolini, M. E., Pala, M., Licona-Limon, P., Guo, B., 
Herbert, D. R., Bulfone, A., Trentini, F., Di Serio, C., Bacchetta, R., Andreani, M., Brockmann, L., 
Gregori, S., Flavell, R. A., Roncarolo, M. G. Coexpression of CD49b and LAG-3 identifies human 
and mouse T regulatory type 1 cells. Nature Medicine, 19 739–746 doi:10.1038/nm.3179 
(2013). 

97 Tang, A. L.,  Teijaro, J. R., Njau, M. N., Chandran, S. S., Azimzadeh, A., Nadler, S. G.,Rothstein, 
D. M., Farber, D. L.CTLA4 Expression Is an Indicator and Regulator of Steady-State CD4 + FoxP3 



BIBLIOGRAPHY 

103 
 

+ T Cell Homeostasis. The Journal of Immunology, 181 (3) 1806-13, 
doi:10.4049/jimmunol.181.3.1806 (2008). 

98 Magnani, C. F., Alberigo, G., Bacchetta, R., Serafini, G., Andreani, M., Roncarolo, M. G., Gregori, 
S. Killing of myeloid APCs via HLA class I, CD2 and CD226 defines a novel mechanism of 
suppression by human Tr1 cells. European Journal of Immunology, 41 (6) 1652-1662, 
doi:10.1002/eji.201041120 (2011). 

99 Gregori, S., Tomasoni, D., Pacciani, V., Scirpoli, M., Battaglia, M., Magnani, C. F., Hauben, E., 
Roncarolo, M. G. Differentiation of type 1 T regulatory cells (Tr1) by tolerogenic DC-10 requires 
the IL-10-dependent ILT4/HLA-G pathway. Blood, 116 (6) 935-944, doi:10.1182/blood-2009-
07-234872 (2010). 

100 Wilson, M. S., Elnekave, E., Mentink-Kane, M. M., Hodges, M. G., Pesce, J.T., Ramalingam, T. 
R., Thompson, R. W., Kamanaka, M., Flavell, R. A., Keane-Myers, A., Cheever, A. W.Wynn, T. A. 
IL-13Rα2 and IL-10 coordinately suppress airway inflammation, airway-hyperreactivity, and 
fibrosis in mice. Journal of Clinical Investigation, 117 (10) 2941-2951, doi:10.1172/JCI31546 
(2007). 

101 Jofra, T., Di Fonte, R., Galvani, G., Kuka, M., Iannacone, M., Battaglia, M., Fousteri, G.  Tr1 cell 
immunotherapy promotes transplant tolerance via de novo Tr1 cell induction in mice and is 
safe and effective during acute viral infection. European Journal of Immunology, 48 (8) 1389-
1399, doi:10.1002/eji.201747316 (2018). 

102 Andrade, R. M., Hygino, J., Kasahara, T. M., Vieira, M. M., Xavier, L. F., Blanco, B., Damasco, P. 
V., Silva, R. M., Lima, D. B., Oliveira, A. L., Lemos, A. S., Andrade, A. F. B., Bento, C. A. M. High 
IL-10 production by aged AIDS patients is related to high frequency of Tr-1 phenotype and low 
in vitro viral replication. Clinical Immunology, 145 (1) 31-43, doi:10.1016/j.clim.2012.08.002 
(2012). 

103 Lio, D., Candore, G., Crivello, A., Scola, L., Colonna-Romano, G., Cavallone, L., Hoffmann, E., 
Caruso, M., Licastro, F., Caldarera, C. M., Branzi, A., Franceschi, C., Caruso, C. Opposite effects 
of interleukin 10 common gene polymorphisms in cardiovascular diseases and in successful 
ageing: Genetic background of male centenarians is protective against coronary heart disease. 
Journal of Medical Genetics 41, 790-794, doi:10.1136/jmg.2004.019885 (2004). 

104 Lio, D., Scola, L., Crivello, A., Colonna-Romano, G., Candore, G., Bonafè, M., Cavallone, L., 
Marchegiani, F., Olivieri, F., Franceschi, C., Caruso, C. Inflammation, genetics, and longevity: 
Further studies on the protective effects in men of IL-10-1082 promoter SNP and its interaction 
with TNF-α-308 promoter SNP [2]. Journal of Medical Genetics, 40 296-299, 
doi:10.1136/jmg.40.4.296 (2003). 

105 Franceschi, C.,  BonafÈ, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., De Benedictis, 
G. Inflamm-aging: An Evolutionary Perspective on Immunosenescence. Annals of the New York 
Academy of Sciences 908, 244-254, doi:10.1111/j.1749-6632.2000.tb06651.x (2006). 

106 Pilling, L. C., Joehanes, R., Melzer, D., Harries, L. W.,Henley, W., Dupuis, J., Lin, H., Mitchell, M., 
Hernandez, D., Ying, S. X.,Lunetta, K. L.,Benjamin, E. J.,Singleton, A., Levy, D., Munson, P., 
Murabito, J. M., Ferrucci, L. Gene expression markers of age-related inflammation in two 
human cohorts. Experimental Gerontology, 70 37-45, doi:10.1016/j.exger.2015.05.012 (2015). 

107 Mitchell, S. J., Madrigal-Matute, J., Scheibye-Knudsen, M., Fang, E., Aon, M., González-Reyes, 
J. A., Cortassa, S., Kaushik, S., Gonzalez-Freire, M., Patel, B., Wahl, D., Ali, A., Calvo-Rubio, M., 
Burón, M. I.,Guiterrez, V., Ward, T. M.,Palacios, H. H., Cai, H., Frederick, D. W.,Hine, C., 
Broeskamp, F., Habering, L., Dawson, J., Beasley, T. M., Wan, J., Ikeno, Y., Hubbard, G., Becker, 
K. G.,Zhang, Y.,Bohr, V. A.,Longo, D. L.,Navas, P., Ferrucci, L., Sinclair, D. A., Cohen, P., Egan, J. 
M., Mitchell, J. R.,Baur, J. A., Allison, D. B.,Anson, R. M., Villalba, J. M.,Madeo, F., Cuervo, A. 
M., Pearson, K. J.,Ingram, D. K., Bernier, M., De Cabo, R. Effects of Sex, Strain, and Energy Intake 



BIBLIOGRAPHY 

104 
 

on Hallmarks of Aging in Mice. Cell Metabolism, 23 1093-1112, 
doi:10.1016/j.cmet.2016.05.027 (2016). 

108 Baker, D. J., Wijshake, T., Tchkonia, T., Lebrasseur, N. K.,Childs, B. G.,Van De Sluis, B., Kirkland, 
J. L.,Van Deursen, J. M. Clearance of p16 Ink4a-positive senescent cells delays ageing-
associated disorders. Nature, 479 232–236, doi:10.1038/nature10600 (2011). 

109 Xu, M., Pirtskhalava, Tamar., Farr, J. N., Weigand, B. M., Palmer, A. K., Weivoda, M. M., Inman, 
C. L., Ogrodnik, M. B., Hachfeld, C. M., Fraser, D. G., Onken, J. L., Johnson, K. O., Verzosa, G. C., 
Langhi, L. G. P., Weigl, M., Giorgadze, N., LeBrasseur, N. K., Miller, J. D., Jurk, D., Singh, R. J., 
Allison, D. B., Ejima, K., Hubbard, G. B., Ikeno, Y., Cubro, H., Garovic, V. D.,Hou, X., Weroha, S. 
J., Robbins, P. D., Niedernhofer, L. J., Khosla, S., Tchkonia, T., Kirkland, J. L. Senolytics improve 
physical function and increase lifespan in old age. Nature Medicine, 24 (8) 1246-1256, 
doi:10.1038/s41591-018-0092-9 (2018). 

110 De Grey, A. D. N. J. A proposed refinement of the mitochondrial free radical theory of aging. 
BioEssays, 19 161-166, doi: 10.1002/bies.950190211 (1997). 

111 Zhou, R., Yazdi, A. S., Menu, P. & Tschopp, J. A role for mitochondria in NLRP3 inflammasome 
activation. Nature, 469 (7329) 221-225, doi:10.1038/nature09663 (2011). 

112 Brenchley, J. M., Price, David A.Schacker, T. W.,Asher, T. E.,Silvestri, G.,Rao, S., Kazzaz, Z., 
Bornstein, E., Lambotte, O., Altmann, D., Blazar, B. R., Rodriguez, B., Teixeira-Johnson, L., 
Landay, A., Martin, J. N., Hecht, F. M., Picker, L. J., Lederman, M. M., Deeks, S. G., Douek, D. C. 
Microbial translocation is a cause of systemic immune activation in chronic HIV infection. 
Nature Medicine, 12 (12):1365-1371, doi:10.1038/nm1511 (2006). 

113 Biagi, E., Nylund, L., Candela, M., Ostan, R.,Bucci, L.,Pini, E., Nikkïla, J., Monti, D., Satokari, R., 
Franceschi, C., Brigidi, P., de Vos, W. Through ageing, and beyond: Gut microbiota and 
inflammatory status in seniors and centenarians. PLoS ONE,  5 (5) 
e10667,doi:10.1371/journal.pone.0010667 (2010). 

114 Leng, S., Chaves, P., Koenig, K. & Walston, J. Serum interleukin-6 and hemoglobin as 
physiological correlates in the geriatric syndrome of frailty: A pilot study. Journal of the 
American Geriatrics Society 50, 1268-1271, doi:10.1046/j.1532-5415.2002.50315.x (2002). 

115 Corsini, E. High interleukin-10 production is associated with low antibody response to influenza 
vaccination in the elderly. Journal of Leukocyte Biology, doi:10.1189/jlb.0306190 (2006). 

116 Hasegawa, Y., Sawada, M., Ozaki, N., Inagaki, T. & Suzumura, A. Increased soluble tumor 
necrosis factor receptor levels in the serum of elderly people. Gerontology 46, 185-188, 
doi:10.1159/000022157 (2000). 

117 Weber-Nordtt, R. M., Riley, J. K., Greenlund, A. C., Moore, K. W., Darnell, J. E., Schreiber, R. D., 
Stat3 recruitment by two distinct ligand-induced, tyrosine- phosphorylated docking sites in the 
interleukin-10 receptor intracellular domain. Journal of Biological Chemistry, 271 (44) 27954-
27961, doi:10.1074/jbc.271.44.27954 (1996). 

118 Takeda, K., Clausen, B. E., Kaisho, T., Tsujimura, T., Terada, N., Forster, I., Akira, S. Enhanced 
Th1 activity and development of chronic enterocolitis in mice devoid of Stat3 in macrophages 
and neutrophils. Immunity, 10 39-49, doi:10.1016/s1074-7613(00)80005-9 (1999). 

119 Ng, T. H. S., Britton, G. J., Hill, E. V., Verhagen, J., Burton, B. R., Wraith, D. C.  Regulation of 
adaptive immunity; the role of interleukin-10. Frontiers in immunology, 4 129-129, 
doi:10.3389/fimmu.2013.00129 (2013). 

120 Rossato, M., Curtale, G., Tamassia, N., Castellucci, M., Mori, L., Gasperini, S., Mariotti, B., De 
Luca, M., Mirolo, M., Cassatella, M. A., Locati, M., Bazzoni, F. IL-10-induced microRNA-187 
negatively regulates TNF-α, IL-6, and IL-12p40 production in TLR4-stimulated monocytes. 



BIBLIOGRAPHY 

105 
 

Proceedings of the National Academy of Sciences of the United States of America, 109 (45) 
E3101-E3110, doi:10.1073/pnas.1209100109 (2012). 

121 Hobbs, M. V., Weigle, W. O. & Ernst, D. N. Interleukin-10 production by splenic CD4+ cells and 
cell subsets from young and old mice. Cellular Immunology 154, 264-272, 
doi:10.1006/cimm.1994.1076 (1994). 

122 Hirokawa, K., Utsuyama, M., Hayashi, Y., Kitagawa, M., Makinodan, T., Fulop, T. Slower 
immune system aging in women versus men in the Japanese population. Immunity & Ageing, 
10 (1) 19, doi:10.1186/1742-4933-10-19 (2013). 

123 Meador, B. M., Krzyszton, C. P., Johnson, R. W. & Huey, K. A. Effects of IL-10 and age on IL-6, 
IL-1β, and TNF-α responses in mouse skeletal and cardiac muscle to an acute inflammatory 
insult. Journal of Applied Physiology 104, 991-997, doi:10.1152/japplphysiol.01079.2007 
(2008). 

124 Duncan, S. A., Dixit, S., Sahu, R., Martin, D., Baganizi, D. R.,Nyairo, E., Villinger, F., Singh, S. R., 
Dennis, V. A. Prolonged release and functionality of interleukin-10 encapsulated within PLA-
PEG nanoparticles. Nanomaterials, 9 (8) 1074, doi:10.3390/nano9081074 (2019). 

125 Schreiber, T., Ehlers, S., Heitmann, L., Rausch, A., Mages, J., Murray, P. J., Lang, R., Holscher, C. 
Autocrine IL-10 induces hallmarks of alternative activation in macrophages and suppresses 
antituberculosis effector mechanisms without compromising T cell immunity. J Immunol, 183 
1301-1312, doi:10.4049/jimmunol.0803567 (2009). 

126 Kamimura, D., Ishihara, K. & Hirano, T. IL-6 signal transduction and its physiological roles: the 
signal orchestration model. Rev Physiol Biochem Pharmacol, 149 1-38. doi:10.1007/s10254-
003-0012-2 (2003). 

127 Boulanger, M. J., Chow, D. c., Brevnova, E. E. & Garcia, K. C. Hexameric structure and assembly 
of the interieukin-6/IL-6 α-receptor/gp130 complex. Science, 300 (5628) 2101-2104. 
doi:10.1126/science.1083901 (2003). 

128 Heinrich, P. C., Behrmann, I., Müller-Newen, G., Schaper, F. & Graeve, L. Interleukin-6-type 
cytokine signalling through the gp130/Jak/STAT pathway. Biochem J, 1 334 ( Pt 2)(Pt 2):297-
314, doi:10.1042/bj3340297 (1998). 

129 Chen, R. H., Chang, M. C., Su, Y. H., Tsai, Y. T. & Kuo, M. L. Interleukin-6 inhibits transforming 
growth factor-β-induced apoptosis through the phosphatidylinositol 3-kinase/Akt and signal 
transducers and activators of transcription 3 pathways. Journal of Biological Chemistry, 
doi:10.1074/jbc.274.33.23013 (1999). 

130 Hagihara, K., Hagihara, K., Nishikawa, T., Isobe, T., Song, J., Sugamata, Y.,Yoshizaki, K. IL-6 plays 
a critical role in the synergistic induction of human serum amyloid a (SAA) gene when 
stimulated with proinflammatory cytokines as analyzed with an SAA isoform real-time 
quantitative RT-PCR assay system. Biochemical and Biophysical Research Communications, 314 
(2) 363-369, doi:10.1016/j.bbrc.2003.12.096 (2004). 

131 Wu, Q., Zhou, X., Huang, D., Ji, Y. & Kang, F. IL-6 enhances osteocyte-mediated 
osteoclastogenesis by promoting JAK2 and RANKL activity in vitro. Cellular Physiology and 
Biochemistry, doi:10.1159/000465455 (2017). 

132 Chomarat, P., Banchereau, J., Davoust, J. & Palucka, A. K. IL-6 switches the differentiation of 
monocytes from dendritic cells to macrophages. Nature Immunology, doi:10.1038/82763 
(2000). 

133 McLoughlin, R. M., Hurst, S. M.,Nowell, M. A., Harris, D. A., Horiuchi, S., Morgan, L. W., 
Wilkinson, T. S., Yamamoto, N., Topley, N., Jones, S. A. Differential Regulation of Neutrophil-
Activating Chemokines by IL-6 and Its Soluble Receptor Isoforms. The Journal of Immunology, 
172 (9) 5676-5683, doi:10.4049/jimmunol.172.9.5676 (2004). 



BIBLIOGRAPHY 

106 
 

134 Curnow, S. J., Scheel-Toellner, D., Jenkinson, W., Raza, K., Durrani, O. M., Faint, J. M., Rauz, S., 
Wloka, K., Pilling, D., Rose-John, S., Buckley, C. D.,Murray, P. I., Salmon, M. Inhibition of T Cell 
Apoptosis in the Aqueous Humor of Patients with Uveitis by IL-6/Soluble IL-6 Receptor trans -
Signaling. The Journal of Immunology, 173 (8) 5290-5297, doi:10.4049/jimmunol.173.8.5290 
(2004). 

135 Diehl, S., Chow, C. W., Weiss, L., Palmetshofer, A., Twardzik, T., Rounds, L., Serfling, E., Davis, 
R. J., Anguita, J., Rincón, M. Induction of NFATc2 expression by interleukin 6 promotes T helper 
type 2 differentiation. Journal of Experimental Medicine, 196(1):39-49, 
doi:10.1084/jem.20020026 (2002). 

136 Diehl, S., Anguita, J., Hoffmeyer, A., Zapton, T., Ihle, J. N.Fikrig, E., Rincón, M. Inhibition of Th1 
differentiation by IL-6 is mediated by SOCS1. Immunity, 13(6) 805-815, doi:10.1016/S1074-
7613(00)00078-9 (2000). 

137 Bettelli, E., Carrier, Y., Gao, W., Korn, T.,Strom, T. B., Oukka, M.,Weiner, H. L.,Kuchroo, V. K., 
Reciprocal developmental pathways for the generation of pathogenic effector TH17 and 
regulatory T cells. Nature, 441 (7090) 235-238, doi:10.1038/nature04753 (2006). 

138 Dienz, O., Eaton, S. M., Bond, J. P., Neveu, W., Moquin, D., Noubade, R., Briso, E. M., Charland, 
C., Leonard, W. J., Ciliberto, G., Teuscher, C., Haynes, L., Rincon, M. The induction of antibody 
production by IL-6 is indirectly mediated by IL-21 produced by CD4 + T cells. Journal of 
Experimental Medicine, 206 (1) 69-78, doi:10.1084/jem.20081571 (2009). 

139 Diehl, S. A., Schmidlin, H., Nagasawa, M., Blom, B. & Spits, H. IL-6 Triggers IL-21 production by 
human CD4 T cells to drive STAT3-dependent plasma cell differentiation in B cells. Immunology 
and Cell Biology, 90 (8) 802–811, doi:10.1038/icb.2012.17 (2012). 

140 Pyle, C. J., Uwadiae, F. I., Swieboda, D. P. & Harker, J. A. Early IL-6 signalling promotes IL-27 
dependent maturation of regulatory T cells in the lungs and resolution of viral 
immunopathology. PLOS Pathogens 13, e1006640-e1006640, 
doi:10.1371/journal.ppat.1006640 (2017). 

141 Leonard, W. J. & Wan, C. K. IL-21 Signaling in Immunity. F1000 Research, 5 F1000, doi: 
10.12688/f1000research.7634.1    (2016). 

142 Ozaki, K., Spolski, R., Feng, C. G., Qi, C. F., Cheng, J., Sher, A., Morse, H. C., 3rd, Liu, C., 
Schwartzberg, P. L., Leonard, W. J. A critical role for IL-21 in regulating immunoglobulin 
production. Science 298, 1630-1634, doi:10.1126/science.1077002 (2002). 

143 Sutherland, A. P., Van Belle, T., Wurster, A. L., Suto, A., Michaud, M., Zhang, D., Grusby, M. J., 
von Herrath, M. Interleukin-21 is required for the development of type 1 diabetes in NOD mice. 
Diabetes 58, 1144-1155, doi:10.2337/db08-0882 (2009). 

144 Bubier, J. A.,  Sproule, T. J., Foreman, O., Spolski, R., Shaffer, D. J., Morse, H. C., 3rd, Leonard, 
W. J., Roopenian, D. C. A critical role for IL-21 receptor signaling in the pathogenesis of systemic 
lupus erythematosus in BXSB-Yaa mice. Proc Natl Acad Sci U S A 106, 1518-1523, 
doi:10.1073/pnas.0807309106 (2009). 

145 Wang, S., Wang, J., Kumar, V., Karnell, J. L., Naiman, B., Gross, P. S.,Rahman, S., Zerrouki, K., 
Hanna, R., Morehouse, C., Holoweckyj, N., Liu, H., Casey, K., Smith, M., Parker, M., White, N., 
Riggs, J., Ward, B., Bhat, G., Rajan, B., Grady, R.,Groves, C., Manna, Z., Goldbach-Mansky, R., 
Hasni, S., Siegel, R., Sanjuan, M., Streicher, K., Cancro, M. P., Kolbeck, R., Ettinger, R. IL-21 
drives expansion and plasma cell differentiation of autoreactive CD11chiT-bet+ B cells in SLE. 
Nature Communications, 9 1758, doi:10.1038/s41467-018-03750-7 (2018). 

146 Korn, T., Bettelli, E., Gao, W., Awasthi, A., Jäger, A., Strom, T. B., Oukka, M., Kuchroo, V. K., IL-
21 initiates an alternative pathway to induce proinflammatory T H17 cells. Nature, 448 (7152) 
484–487, doi:10.1038/nature05970 (2007). 



BIBLIOGRAPHY 

107 
 

147 Di Carlo, E., Comes, A., Orengo, A. M., Rosso, O., Meazza, R., Musiani, P., Colombo, M. P., 
Ferrini, S. IL-21 Induces Tumor Rejection by Specific CTL and IFN-γ-Dependent CXC Chemokines 
in Syngeneic Mice. The Journal of Immunology, 172 (3) 1540-1547, 
doi:10.4049/jimmunol.172.3.1540 (2004). 

148 Spolski, R., Kim, H.-P., Zhu, W., Levy, D. E. & Leonard, W. J. IL-21 Mediates Suppressive Effects 
via Its Induction of IL-10 1. The Journal of Immunology 182, 2859-2867, 
doi:10.4049/jimmunol.0802978 (2009). 

149 Lucas, S., Ghilardi, N., Li, J. & De Sauvage, F. J. IL-27 regulates IL-12 responsiveness of naïve 
CD4+ T cells through Stat1-dependent and -independent mechanisms. Proceedings of the 
National Academy of Sciences of the United States of America 100, 15047-15052, 
doi:10.1073/pnas.2536517100 (2003). 

150 Kimura, D., Miyakoda, M., Kimura, K., Honma, K., Hara, H., Yoshida, H., Yui, K.Interleukin-27-
Producing CD4+T Cells Regulate Protective Immunity during Malaria Parasite Infection. 
Immunity, 44 (3) 672-682, doi:10.1016/j.immuni.2016.02.011 (2016). 

151 Yoshimura, T., Takeda, A., Hamano, S., Miyazaki, Y., Kinjyo, I., Ishibashi, T., Yoshimura, A., 
Yoshida, H. Two-Sided Roles of IL-27: Induction of Th1 Differentiation on Naive CD4 + T Cells 
versus Suppression of Proinflammatory Cytokine Production Including IL-23-Induced IL-17 on 
Activated CD4 + T Cells Partially Through STAT3-Dependent Mechanism. The Journal of 
Immunology, 177 5377-5385, doi:10.4049/jimmunol.177.8.5377 (2006). 

152 Morishima, N., Owaki, T., Asakawa, M., Kamiya, S., Mizuguchi, J., Yoshimoto, T., Augmentation 
of Effector CD8 + T Cell Generation with Enhanced Granzyme B Expression by IL-27. The Journal 
of Immunology, 175 (3) 1686-1693, doi:10.4049/jimmunol.175.3.1686 (2005). 

153 Huang, M., Du, W., Liu, J., Zhang, H., Cao, L., Yang, W., Zhang, H., Wang, Z., Wei, P., Wu, W., 
Huang, Z., Fang, Y., Lin, Q., Qin, X., Zhang, Z., Zhou, K., Zeng, J. Interleukin-27 as a Novel 
Biomarker for Early Cardiopulmonary Failure in Enterovirus 71-Infected Children with Central 
Nervous System Involvement. Mediators of Inflammation 2016, 1-8, 
doi:10.1155/2016/4025167 (2016). 

154 Angioni, R.,  Sánchez-Rodríguez, R., Munari, F., Bertoldi, N., Arcidiacono, D., Cavinato, S., 
Marturano, D., Zaramella, A., Realdon, S., Cattelan, A., Viola, A., Molon, B. Age-severity 
matched cytokine profiling reveals specific signatures in Covid-19 patients. Cell Death and 
Disease, 11 1-12, doi:10.1038/s41419-020-03151-z (2020). 

155 Morton, D. B. & Griffiths, P. H. Guidelines on the recognition of pain, distress and discomfort 
in experimental animals and an hypothesis for assessment. The Veterinary record, 116 (16) 
431-6, doi:10.1136/vr.116.16.431 (1985). 

156 Yoshida, K., Cologne, J. B., Cordova, K., Misumi, M., Yamaoka, M., Kyoizumi, S., Hayashi, T., 
Robins, H., Kusunoki, Y. Aging-related changes in human T-cell repertoire over 20 years 
delineated by deep sequencing of peripheral T-cell receptors. Experimental Gerontology, 96 
29-37, doi:10.1016/j.exger.2017.05.015 (2017). 

157 Madan, R., Demircik, F., Surianarayanan, S., Allen, J. L., Divanovic, S., Trompette, A., Yogev, N., 
Gu, Y., Khodoun, M., Hildeman, D., Boespflug, N., Fogolin, M. B., Gröbe, L., Greweling, M., 
Finkelman, F. D.,Cardin, R., Mohrs, M., Müller, W., Waisman, A., Roers, A., Karp, C. L.  
Nonredundant Roles for B Cell-Derived IL-10 in Immune Counter-Regulation. The Journal of 
Immunology, 183 (4) 2312-2320, doi:10.4049/jimmunol.0900185 (2009). 

158 Almanan, M. CD4+ T cell production of Il-10 and regulation of immune responses in aging. 
Dissertation Abstracts International Section A: Humanities and Social Sciences (2020). 

159 Gagliani, N., Amezcua Vesely, M. C., Iseppon, A., Brockmann, L., Xu, H., Palm, N. W., De Zoete, 
M. R., Licona-Limón, P., Paiva, R. S., Ching, T., Weaver, C., Zi, X., Pan, X., Fan, R., Garmire, L. 
X.,Cotton, M. J.Drier, Y., Bernstein, B., Geginat, J., Stockinger, B., Esplugues, E., Huber, S., 



BIBLIOGRAPHY 

108 
 

Flavell, R. A.  TH17 cells transdifferentiate into regulatory T cells uring resolution of 
inflammation. Nature, 523 (7559) 221-225, doi:10.1038/nature14452 (2015). 

160 Kunicki, M. A., Amaya Hernandez, L. C., Davis, K. L., Bacchetta, R. & Roncarolo, M.-G. Identity 
and Diversity of Human Peripheral Th and T Regulatory Cells Defined by Single-Cell Mass 
Cytometry. The Journal of Immunology, 200 (1) 336-346, doi:10.4049/jimmunol.1701025 
(2018). 

161 Pot, C., Jin, H., Awasthi, A., Liu, S. M., Lai, C.,Madan, R., Sharpe, A. H., Karp, C. L., Miaw, S., Ho, 
I. C., Kuchroo, V. K., Cutting Edge: IL-27 Induces the Transcription Factor c-Maf, Cytokine IL-21, 
and the Costimulatory Receptor ICOS that Coordinately Act Together to Promote 
Differentiation of IL-10-Producing Tr1 Cells. The Journal of Immunology, 183 797-801, 
doi:10.4049/jimmunol.0901233 (2009). 

162 Lüthje, K., Kallies, A., Shimohakamada, Y., Belz, G. T.,Light, A., Tarlinton, D. M., Nutt, S. L. The 
development and fate of follicular helper T cells defined by an IL-21 reporter mouse. Nature 
Immunology, 13 491-498, doi:10.1038/ni.2261 (2012). 

163 Andres-Hernando, A., Okamura, K., Bhargava, R., Kiekhaefer, C. M., Soranno, D., Kirkbride-
Romeo, L. A.,Gil, H. w., Altmann, C., Faubel, S. Circulating IL-6 upregulates IL-10 production in 
splenic CD4+ T cells and limits acute kidney injury–induced lung inflammation. Kidney 
International, 91 (5) 1057-1069, doi:10.1016/j.kint.2016.12.014 (2017). 

164 Rose-John, S. IL-6 trans-signaling via the soluble IL-6 receptor: Importance for the 
proinflammatory activities of IL-6  Vol. 8   1237-1247, doi: 10.7150/ijbs.4989 (2012). 

165 Chalaris, A., Garbers, C., Rabe, B., Rose-John, S. & Scheller, J. The soluble Interleukin 6 receptor: 
Generation and role in inflammation and cancer. doi:  10.1016/j.ejcb.2010.10.007 (2011). 

166 Yokogami, K., Wakisaka, S., Avruch, J. & Reeves, S. A. Serine phosphorylation and maximal 
activation of STAT3 during CNTF signaling is mediated by the rapamycin target mTOR. Current 
Biology, doi:10.1016/S0960-9822(99)00268-7 (2000). 

167 Dowling, R. J. O., Topisirovic, I., Alain, T., Bidinosti, M., Fonseca, B. D., Petroulakis, E., Wang, X., 
Larsson, O., Selvaraj, A., Liu, Y., Kozma, S. C., Thomas, G., Sonenberg, N. mTORCI-mediated cell 
proliferation, but not cell growth, controlled by the 4E-BPs. Science, 328 (5982) 1172-1176, 
doi:10.1126/science.1187532 (2010). 

168 Kolesnichenko, M., Hong, L., Liao, R., Vogt, P. K. & Sun, P. Attenuation of TORC1 signaling delays 
replicative and oncogenic RAS-induced senescence. Cell Cycle 11, 2391-2401, 
doi:10.4161/cc.20683 (2012). 

169 Perkey, E., Fingar, D., Miller, R. a. & Garcia, G. G. Increased mammalian target of rapamycin 
complex 2 signaling promotes age-related decline in CD4 T cell signaling and function. Journal 
of immunology (Baltimore, Md. : 1950) 191, 4648-4655, doi:10.4049/jimmunol.1300750 
(2013). 

170 Takeda, K., Noguchi, K., Shi, W., Tanaka, T., Matsumoto, M., Yoshida, N., Kishimoto, T., Akira, 
S. Targeted disruption of the mouse Stat3 gene leads to early embryonic lethality. Proceedings 
of the National Academy of Sciences of the United States of America, 94 (8) 3801-3804, 
doi:10.1073/pnas.94.8.3801 (1997). 

171 Okamura, T., Yamamoto, K. & Fujio, K. Early growth response gene 2-Expressing CD4+LAG3+ 
regulatory T cells: The therapeutic potential for treating autoimmune diseases. Frontiers in 
Immunology. 9 340, doi:10.3389/fimmu.2018.00340 (2018). 

172 Gabryšová, L.,  Alvarez-Martinez, M., Luisier, R., Cox, L. S., Sodenkamp, J., Hosking, C., Pérez-
Mazliah, D., Whicher, C., Kannan, Y., Potempa, K., Wu, X., Bhaw, L., Wende, H., Sieweke, M.H., 
Elgar, G., Wilson, M., Briscoe, J., Metzis, V.,Langhorne, J., Luscombe, N. M.,O'Garra, A. C-Maf 
controls immune responses by regulating disease-specific gene networks and repressing IL-2 



BIBLIOGRAPHY 

109 
 

in CD4+ T cells article. Nature Immunology, 19 497-507, doi:10.1038/s41590-018-0083-5 
(2018). 

173 Kursar, M., Koch, M., Mittrücker, H., Nouailles, G., Bonhagen, K., Kamradt, T., Kaufmann, S. H. 
E. Cutting Edge: Regulatory T Cells Prevent Efficient Clearance of Mycobacterium tuberculosis. 
The Journal of Immunology, 178 (5) 2661-2665, doi:10.4049/jimmunol.178.5.2661 (2007). 

174 Scott-Browne, J. P., Shafiani, S., Tucker-Heard, G., Ishida-Tsubota, K., Fontenot, J. D., Rudensky, 
A. Y., Bevan, M. J., Urdahl, K. B. Expansion and function of Foxp3-expressing T regulatory cells 
during tuberculosis. Journal of Experimental Medicine, 204 (9) 2159–2169, 
doi:10.1084/jem.20062105 (2007). 

175 Clemmensen, H. S., Knudsen, N.P.H., Billeskov, R., Rosenkrands, I., Jungersen, G., Aagaard, C., 
Andersen, P., Mortensen, R. Rescuing ESAT-6 Specific CD4 T Cells From Terminal 
Differentiation Is Critical for Long-Term Control of Murine Mtb Infection. Frontiers in 
Immunology, 1, 2859-2859, doi:10.3389/fimmu.2020.585359 (2020). 

176 Moguche, A. O., Musvosvi, M., Penn-Nicholson, A., Plumlee, C. R., Mearns, H., Geldenhuys, H., 
Smit, E., Abrahams, D., Rozot, V., Dintwe, O., Hoff, S. T., Kromann, I., Ruhwald, M., Bang, P., 
Larson, R. P.,Shafiani, S., Ma, S., Sherman, D. R., Sette, A., Lindestam Arlehamn, C. S., 
McKinney, D. M.,Maecker, H., Hanekom, W. A., Hatherill, M., Andersen, P., Scriba, T. J., Urdahl, 
K. B. Antigen Availability Shapes T Cell Differentiation and Function during Tuberculosis. Cell 
Host and Microbe, 21 (6) 695-706.e5, doi:10.1016/j.chom.2017.05.012 (2017). 

177 Gallegos, A. M., Pamer, E. G. & Glickman, M. S. Delayed protection by ESAT-6-specific effector 
CD4+ T cells after airborne M. tuberculosis infection. J Exp Med, 205 2359-2368, 
doi:10.1084/jem.20080353 (2008). 

178 Erdmann, H.,  Behrends, J., Ritter, K., Hölscher, A., Volz, J., Rosenkrands, I., Hölscher, C. The 
increased protection and pathology in Mycobacterium tuberculosis-infected IL-27R-alpha-
deficient mice is supported by IL-17A and is associated with the IL-17A-induced expansion of 
multifunctional T cells article. Mucosal Immunology, 11 1168-1180, doi:10.1038/s41385-018-
0026-3 (2018). 

179 Lichtner, M., Mascia, C., Sauzullo, I., Mengoni, F., Vita, S., Marocco, R., Belvisi, V., Russo, G., 
Vullo, V., Mastroianni, C.,  M. Multifunctional Analysis of CD4+ T-Cell Response as Immune-
Based Model for Tuberculosis Detection. J Immunol Res, 2015 217-287, 
doi:10.1155/2015/217287 (2015). 

180 Hölscher, C., Hölscher, A., Rückerl, D., Yoshimoto, T., Yoshida, H., Mak, T., Saris, C., Ehlers, S. 
The IL-27 Receptor Chain WSX-1 Differentially Regulates Antibacterial Immunity and Survival 
during Experimental Tuberculosis. The Journal of Immunology, 174 3534-3544, 
doi:10.4049/jimmunol.174.6.3534 (2005). 

181 Pearl, J. E., Khader, S. A., Solache, A., Gilmartin, L., Ghilardi, N., deSauvage, F., Cooper, A. M.,  
IL-27 Signaling Compromises Control of Bacterial Growth in Mycobacteria-Infected Mice. The 
Journal of Immunology, 173 (12) 7490-6, doi:10.4049/jimmunol.173.12.7490 (2004). 

182 Lewinsohn, D. A., Lewinsohn, D. M. & Scriba, T. J. Polyfunctional CD4+ T cells as targets for 
tuberculosis vaccination. Frontiers in Immunology, 8 1262, doi:10.3389/fimmu.2017.01262 
(2017). 

183 Parish, S. T., Wu, J. E. & Effros, R. B. Modulation of T Lymphocyte Replicative Senescence via 
TNF-α Inhibition: Role of Caspase-3. The Journal of Immunology, 182 4237-4243, 
doi:10.4049/jimmunol.0803449 (2009). 

184 Elyahu, Y., Hekselman, I., Eizenberg-Magar, I., Berner, O., Strominger, I., Schiller, M., Mittal, K., 
Nemirovsky, A., Eremenko, E., Vital, A., Simonovsky, E., Chalifa-Caspi, V., Friedman, N., Yeger-
Lotem, E., Monsonego, A. Aging promotes reorganization of the CD4 T cell landscape toward 



BIBLIOGRAPHY 

110 
 

extreme regulatory and effector phenotypes. Science Advances, 5 eaaw8330-eaaw8330, 
doi:10.1126/sciadv.aaw8330 (2019). 

185 Gao, Y., Tang, J., Chen, W., Li, Q., Nie, J., Lin, F., Wu, Q.,Chen, Z., Gao, Z., Fan, H., Tsun, A., Shen, 
J., Chen, G., Liu, Z., Lou, Z., Olsen, N. J.,Zheng, S. G.,Li, B. Inflammation negatively regulates 
FOXP3 and regulatory T-cell function via DBC1. Proceedings of the National Academy of 
Sciences, 112 E3246-E3254, doi:10.1073/pnas.1421463112 (2015). 

186 Nagase, H., Jones, K. M., Anderson, C. F. & Noben-Trauth, N. Despite Increased CD4 + Foxp3 + 
Cells within the Infection Site, BALB/c IL-4 Receptor-Deficient Mice Reveal CD4 + Foxp3-
Negative T Cells as a Source of IL-10 in Leishmania major Susceptibility. The Journal of 
Immunology, 179 (4) 2435-44 ,doi:10.4049/jimmunol.179.4.2435 (2007). 

187 Boussiotis, V. A., Tsai, E. Y., Yunis, E. J., Thim, S., Delgado, J. C., Dascher, C. C., Berezovskaya, 
A., Rousset, D., Reynes, J. M., Goldfeld, A. E. IL-10-producing T cells suppress immune 
responses in anergic tuberculosis patients. J Clin Invest, 105 1317-1325, doi:10.1172/JCI9918 
(2000). 

188 Didion, S. P., Kinzenbaw, D. A., Schrader, L. I., Chu, Y. & Faraci, F. M. Endogenous interleukin-
10 inhibits angiotensin II-induced vascular dysfunction. Hypertension, 54 (3) 619-24, 
doi:10.1161/HYPERTENSIONAHA.109.137158 (2009). 

189 Roque, S., Nobrega, C., Appelberg, R. & Correia-Neves, M. IL-10 Underlies Distinct 
Susceptibility of BALB/c and C57BL/6 Mice to Mycobacterium avium Infection and Influences 
Efficacy of Antibiotic Therapy. The Journal of Immunology, 178 (12) 8028-35, 
doi:10.4049/jimmunol.178.12.8028 (2007). 

190 Spencer, N. F. L., Norton, S. D., Harrison, L. L., Li, G. Z. & Daynes, R. A. Dysregulation of IL-10 
production with aging: Possible linkage to the age-associated decline in DHEA and its sulfated 
derivative. Experimental Gerontology, 31 (3) 393-408, doi:10.1016/0531-5565(95)02033-0 
(1996). 

191 Spencer, N. & Daynes, R. A. IL-12 directly stimulates expression of IL-10 by CD5+ B cells and IL-
6 by both CD5+ and CD5- B cells: possible involvement in age-associated cytokine 
dysregulation. International Immunology, 9 745-754, doi:10.1093/intimm/9.5.745 (1997). 

192 van der Geest, K. S. M., Lorencetti, P G., Abdulahad, W. H., Horst, G., Huitema, M., Roozendaal, 
C., Kroesen, B. J., Brouwer, E., Boots, A. M. H. Aging-dependent decline of IL-10 producing B 
cells coincides with production of antinuclear antibodies but not rheumatoid factors. 
Experimental Gerontology, 75 (1) 24-9 doi:10.1016/j.exger.2015.12.009 (2016). 

193 Lefebvre, J. S., Masters, A. R., Hopkins, J. W. & Haynes, L. Age-related impairment of humoral 
response to influenza is associated with changes in antigen specific T follicular helper cell 
responses. Scientific Reports, 6:25051, doi:10.1038/srep25051 (2016). 

194 Puntambekar, S. S., Bergmann, C. C., Savarin, C., Karp, C. L., Phares, T. W., Parra, G. I., Hinton, 
D. R., Stohlman, S. A. Shifting Hierarchies of Interleukin-10-Producing T Cell Populations in the 
Central Nervous System during Acute and Persistent Viral Encephalomyelitis. Journal of 
Virology, 85 (13) 6702–6713. doi:10.1128/jvi.00200-11 (2011). 

195 Kimball, A. K., Oko, L. M., Kaspar, R. E., van Dyk, L. F. & Clambey, E. T. High-Dimensional 
Characterization of IL-10 Production and IL-10–Dependent Regulation during Primary 
GammaherpesvirusInfection. ImmunoHorizons, 3 94-109, 
doi:10.4049/immunohorizons.1800088 (2019). 

196 Roers, A., Siewe, L., Strittmatter, E., Deckert, M., Schlüter, D., Stenzel, W., Gruber, A. D., Krieg, 
T., Rajewsky, K., Müller, W. cell-specific inactivation of the interleukin 10 gene in mice results 
in enhanced T cell responses but normal innate responses to lipopolysaccharide or skin 
irritation. Journal of Experimental Medicine 200, 1289-1297, doi:10.1084/jem.20041789 
(2004). 



BIBLIOGRAPHY 

111 
 

197 Im, S. H., Hueber, A., Monticelli, S., Kang, K. H. & Rao, A. Chromatin-level regulation of the IL10 
gene in T cells. Journal of Biological Chemistry, 279 (45) 46818-25, 
doi:10.1074/jbc.M401722200 (2004). 

198 Mitchell, R. E., Hassan, M., Burton, B. R., Britton, G., Hill, E. V., Verhagen, J., Wraith, D. C. IL-4 
enhances IL-10 production in Th1 cells: implications for Th1 and Th2 regulation. Sci Rep, 7 
11315, doi:10.1038/s41598-017-11803-y (2017). 

199 Brockmann, L., Soukou, S., Steglich, B., Czarnewski, P., Zhao, L., Wende, S., Bedke, T., Ergen, 
C., Manthey, C., Agalioti, T., Geffken, M., Seiz, O., Parigi, S.M.,Sorini, C., Geginat, J.,Fujio, K., 
Jacobs, T., Roesch, T., Izbicki, J. R., Lohse, A. W., Flavell, R. A., Krebs, C., Gustafsson, J. A., 
Antonson, P., Roncarolo, M. G., Villablanca, E. J., Gagliani, N., Huber, S. Molecular and 
functional heterogeneity of IL-10-producing CD4 + T cells. Nature Communications, 9 (1) 5457, 
doi:10.1038/s41467-018-07581-4 (2018). 

200 Varela, F. Impact of Foxp3+ regulatory T cells on the immunogenicity of tuberculosis 
vaccination Dr. rer. nat thesis, Universität zu Lübeck, (2019). 

201 Apetoh, L. Quintana, F. J., Pot, C., Joller, N., Xiao, S., Kumar, D., Burns, E. J.,Sherr, D. H., Weiner, 
H. L., Kuchroo, V. K., The aryl hydrocarbon receptor interacts with c-Maf to promote the 
differentiation of type 1 regulatory T cells induced by IL-27. Nat Immunol 11, 854-861, 
doi:10.1038/ni.1912 (2010). 

202 Zhou, X., Bailey-Bucktrout, S. L., Jeker, L. T., Penaranda, C., Martínez-Llordella, M., Ashby, M., 
Nakayama, M., Rosenthal, W., Bluestone, J. A. Instability of the transcription factor Foxp3 leads 
to the generation of pathogenic memory T cells in vivo. Nature Immunology, 10 (9) 1000-1007. 
doi:10.1038/ni.1774 (2009). 

203 Bailey-Bucktrout, S. L., Martinez-Llordella, M., Zhou, X., Anthony, B., Rosenthal, W., Luche, H., 
Fehling, H. J., Bluestone, J. A. Self-antigen-driven activation induces instability of regulatory T 
cells during an inflammatory autoimmune response. Immunity, 39 (5) 949-62, 
doi:10.1016/j.immuni.2013.10.016 (2013). 

204 Xin, G., Zander, R., Schauder, D. M., Chen, Y., Weinstein, J. S., Drobyski, W. R., Tarakanova, V., 
Craft, J., Cui, W. Single-cell RNA sequencing unveils an IL-10-producing helper subset that 
sustains humoral immunity during persistent infection. Nature Communications, 9 (1) 1-14, 
doi:10.1038/s41467-018-07492-4 (2018). 

205 Yadava, K., Medina, C. O., Ishak, H., Gurevich, I., Kuipers, H., Shamskhou, E. A.,Koliesnik, I. O., 
Moon, J. J.,Weaver, C.,Nadeau, K.C.,Bollyky, P.l L.  Natural tr1-like cells do not confer long-term 
tolerogenic memory. eLife, 8 e44821 doi:10.7554/eLife.44821 (2019). 

206 Chen, X., Das, R., Komorowski, R., Beres, A., Hessner, M. J., Mihara, M., Drobyski, W. R. 
Blockade of interleukin-6 signaling augments regulatory T-cell reconstitution and attenuates 
the severity of graft-versus-host disease. Blood, 114 (1) 891-900, doi:10.1182/blood-2009-01-
197178 (2009). 

207 Gao, Z., Gao, Y., Li, Z., Chen, Z., Lu, D., Tsun, A., Li, B. Synergy between IL-6 and TGF-β signaling 
promotes FOXP3 degradation. International Journal of Clinical and Experimental Pathology, 5 
(1) 626-633 (2012). 

208 Stumhofer, J. S., Silver, J. S., Laurence, A., Porrett, P. M., Harris, T. H., Turka, L. A., Ernst, M., 
Saris, C. J. M., O'Shea, J. J., Hunter, C. A. Interleukins 27 and 6 induce STAT3-mediated T cell 
production of interleukin 10. Nat Immunol, 8 (1) 1363-1371, doi:10.1038/ni1537 (2007). 

209 Jones, G. W., McLoughlin, R. M., Hammond, V. J., Parker, C. R., Williams, J. D., Malhotra, R., 
Scheller, J., Williams, A. S., Rose-John, S., Topley, N., Jones, S. A. Loss of CD4+ T cell IL-6R 
expression during inflammation underlines a role for IL-6 trans signaling in the local 
maintenance of Th17 cells. J Immunol, 184 (1) 2130-2139, doi:10.4049/jimmunol.0901528 
(2010). 



BIBLIOGRAPHY 

112 
 

210 Reeh, H., Rudolph, N., Billing, U., Christen, H., Streif, S., Bullinger, E., Schliemann-Bullinger, M., 
Findeisen, R., Schaper, F., Huber, H. J., Dittrich, A. Response to IL-6 trans- and IL-6 classic 
signalling is determined by the ratio of the IL-6 receptor alpha to gp130 expression: fusing 
experimental insights and dynamic modelling. Cell Commun Signal 17, 46, 
doi:10.1186/s12964-019-0356-0 (2019). 

211 Richards, P. J., Nowell, M. A., Horiuchi, S., McLoughlin, R. M., Fielding, C. A., Grau, S., 
Yamamoto, N., Ehrmann, M., Rose-John, S., Williams, A. S., Topley, N., Jones, S. A. Functional 
characterization of a soluble gp130 isoform and its therapeutic capacity in an experimental 
model of inflammatory arthritis. Arthritis Rheum 54, 1662-1672, doi:10.1002/art.21818 
(2006). 

212 Jones, S. A., Scheller, J. & Rose-John, S. Therapeutic strategies for the clinical blockade of IL-
6/gp130 signaling. J Clin Invest 121, 3375-3383, doi:10.1172/JCI57158 (2011). 

213 Garbers, C., Thaiss, W., Jones, G. W., Waetzig, G. H., Lorenzen, I., Guilhot, F., Lissilaa, R., Ferlin, 
W. G.,Grötzinger, J., Jones, S. A.,Rose-John, S., Scheller, J. Inhibition of classic signaling is a 
novel function of soluble glycoprotein 130 (sgp130), which is controlled by the ratio of 
interleukin 6 and soluble interleukin 6 receptor. Journal of Biological Chemistry, 286 (50) 
42959-42970. doi:10.1074/jbc.M111.295758 (2011). 

214 Yang, R., Lirussi, D., Thornton, T. M., Jelley-Gibbs, D. M., Diehl, S. A., Case, L. K., Madesh, M., 
Taatjes, D. J., Teuscher, C., Haynes, L., Rincon, M. Mitochondrial Ca(2)(+) and membrane 
potential, an alternative pathway for Interleukin 6 to regulate CD4 cell effector function. Elife 
4, doi:10.7554/eLife.06376 (2015). 

215 Foldenauer, M. E., McClellan, S. A., Berger, E. A. & Hazlett, L. D. Mammalian target of 
rapamycin regulates IL-10 and resistance to Pseudomonas aeruginosa corneal infection. J 
Immunol, 190 (1) 5649-5658, doi:10.4049/jimmunol.1203094 (2013). 

216 Ray, J. P., Staron, M. M., Shyer, J. A., Ho, P. C., Marshall, H. D., Gray, S. M., Laidlaw, B. J., Araki, 
K., Ahmed, R., Kaech, S. M., Craft, J. The Interleukin-2-mTORc1 Kinase Axis Defines the 
Signaling, Differentiation, and Metabolism of T Helper 1 and Follicular B Helper T Cells. 
Immunity, 43 690-702, doi:10.1016/j.immuni.2015.08.017 (2015). 

217 Ramiscal, R. R., Parish, I. A., Lee-Young, R. S., Babon, J. J., Blagih, J., Pratama, A., Martin, J., 
Hawley, N., Cappello, J. Y., Nieto, P. F., Ellyard, J. I., Kershaw, N. J., Sweet, R. A., Goodnow, C. 
C., Jones, R. G., Febbraio, M. A., Vinuesa, C. G., Athanasopoulos, V. Attenuation of AMPK 
signaling by ROQUIN promotes T follicular helper cell formation. Elife, 4 e08698, 
doi:10.7554/eLife.08698 (2015). 

218 Zeng, H., Cohen, S., Guy, C., Shrestha, S., Neale, G., Brown, S. A., Cloer, C., Kishton, R. J., Gao, 
X., Youngblood, B., Do, M., Li, M. O., Locasale, J. W., Rathmell, J. C., Chi, H. mTORC1 and 
mTORC2 Kinase Signaling and Glucose Metabolism Drive Follicular Helper T Cell 
Differentiation. Immunity, 45 (1) 540-554, doi:10.1016/j.immuni.2016.08.017 (2016). 

219 Iwasaki, Y., Fujio, K., Okamura, T., Yanai, A., Sumitomo, S., Shoda, H., Tamura, T., Yoshida, H., 
Charnay, P., Yamamoto, K. Egr-2 transcription factor is required for Blimp-1-mediated IL-10 
production in IL-27-stimulated CD4+ T cells. Eur J Immunol, 43 1063-1073, 
doi:10.1002/eji.201242942 (2013). 

220 Zhou, M., Zou, R., Gan, H., Liang, Z., Li, F., Lin, T., Luo, Y., Cai, X., He, F., Shen, E.  The effect of 
aging on the frequency, phenotype and cytokine production of human blood CD4 + CXCR5 + T 
follicular helper cells: comparison of aged and young subjects. Immun Ageing 11, 12, 
doi:10.1186/1742-4933-11-12 (2014). 

221 Batten, M., Ramamoorthi, N., Kljavin, N. M., Ma, C. S., Cox, J. H., Dengler, H. S., Danilenko, D. 
M., Caplazi, P., Wong, M., Fulcher, D. A., Cook, M. C., King, C., Tangye, S. G., de Sauvage, F. J., 
Ghilardi, N. IL-27 supports germinal center function by enhancing IL-21 production and the 



BIBLIOGRAPHY 

113 
 

function of T follicular helper cells. J Exp Med 207, 2895-2906, doi:10.1084/jem.20100064 
(2010). 

222 Johnston, R. J., Poholek, A. C., DiToro, D., Yusuf, I., Eto, D., Barnett, B., Dent, A. L., Craft, J., 
Crotty, S. Bcl6 and Blimp-1 are reciprocal and antagonistic regulators of T follicular helper cell 
differentiation. Science, 325 1006-1010, doi:10.1126/science.1175870 (2009). 

223 Xu, J., Yang, Y., Qiu, G., Lal, G., Wu, Z., Levy, D. E., Ochando, J. C., Bromberg, J. S., Ding, Y. c-
Maf regulates IL-10 expression during Th17 polarization. J Immunol 182, 6226-6236, 
doi:10.4049/jimmunol.0900123 (2009). 

224 Cao, S., Liu, J., Song, L. & Ma, X. The protooncogene c-Maf is an essential transcription factor 
for IL-10 gene expression in macrophages. J Immunol, 174 3484-3492, 
doi:10.4049/jimmunol.174.6.3484 (2005). 

225 Eto, D., Lao, C., DiToro, D., Barnett, B., Escobar, T. C.,Kageyama, R., Yusuf, I., Crotty, S. IL-21 
and IL-6 are critical for different aspects of B cell immunity and redundantly induce optimal 
follicular helper CD4 T cell (Tfh) differentiation. PLoS ONE, 6 (3) e17739, 
doi:10.1371/journal.pone.0017739 (2011). 

226 Apetoh, L., Quintana, F. J., Pot, C., Joller, N., Xiao, S., Kumar, D., Burns, E. J.,Sherr, D. H., Weiner, 
H. L., Kuchroo, V. K., The aryl hydrocarbon receptor interacts with c-Maf to promote the 
differentiation of type 1 regulatory T cells induced by IL-27. Nat Immunol 11, 854-861, 
doi:10.1038/ni.1912 (2010). 

227 Okamura, T., Fujio, K., Shibuya, M., Sumitomo, S., Shoda, H., Sakaguchi, S., Yamamoto, K.  
CD4+CD25-LAG3+ regulatory T cells controlled by the transcription factor Egr-2. Proceedings 
of the National Academy of Sciences, 106 (33) 13974-13979, doi:10.1073/pnas.0906872106 
(2009). 

228 Safford, M., Collins, S., Lutz, M. A., Allen, A., Huang, C. T., Kowalski, J., Blackford, A., Horton, 
M. R., Drake, C., Schwartz, R. H., Powell, J. D. Egr-2 and Egr-3 are negative regulators of T cell 
activation. Nat Immunol 6, 472-480, doi:10.1038/ni1193 (2005). 

229 Harris, J. E., Bishop, K. D., Phillips, N. E., Mordes, J. P., Greiner, D. L., Rossini, A. A., Czech, M. P. 
Early growth response gene-2, a zinc-finger transcription factor, is required for full induction 
of clonal anergy in CD4+ T cells. J Immunol 173, 7331-7338, 
doi:10.4049/jimmunol.173.12.7331 (2004). 

230 Akdis, M., Verhagen, J., Taylor, A., Karamloo, F., Karagiannidis, C., Crameri, R., Thunberg, S., 
Deniz, G., Valenta, R., Fiebig, H., Kegel, C., Disch, R., Schmidt-Weber, C. B., Blaser, K., Akdis, C. 
A. Immune responses in healthy and allergic individuals are characterized by a fine balance 
between allergen-specific T regulatory 1 and T helper 2 cells. J Exp Med 199, 1567-1575, 
doi:10.1084/jem.20032058 (2004). 

231 Canete, P. F., Sweet, R. A., Gonzalez-Figueroa, P., Papa, I., Ohkura, N., Bolton, H., Roco, J. A., 
Cuenca, M., Bassett, K. J., Sayin, I., Barry, E., Lopez, A., Canaday, D. H., Meyer-Hermann, M., 
Doglioni, C., Fazekas de St Groth, B., Sakaguchi, S., Cook, M. C., Vinuesa, C. G.  Regulatory roles 
of IL-10-producing human follicular T cells. J Exp Med 216, 1843-1856, 
doi:10.1084/jem.20190493 (2019). 

232 Cooper, A. M., Callahan, J. E., Griffin, J. P., Roberts, A. D. & Orme, I. M. Old mice are able to 
control low-dose aerogenic infections with Mycobacterium tuberculosis. Infect Immun 63, 
3259-3265, doi:10.1128/IAI.63.9.3259-3265.1995 (1995). 

233 Turner, J., Frank, A. A. & Orme, I. M. Old mice express a transient early resistance to pulmonary 
tuberculosis that is mediated by CD8 T cells. Infect Immun 70, 4628-4637, 
doi:10.1128/iai.70.8.4628-4637.2002 (2002). 



BIBLIOGRAPHY 

114 
 

234 Turner, J. & Orme, I. M. The expression of early resistance to an infection with Mycobacterium 
tuberculosis by old mice is dependent on IFN type II (IFN-gamma) but not IFN type I. Mech 
Ageing Dev 125, 1-9, doi:10.1016/j.mad.2003.09.002 (2004). 

235 Tarazona, R., DelaRosa, O., Alonso, C., Ostos, B., Espejo, J., Pena, J., Solana, R. Increased 
expression of NK cell markers on T lymphocytes in aging and chronic activation of the immune 
system reflects the accumulation of effector/senescent T cells. Mech Ageing Dev 121, 77-88, 
doi:10.1016/s0047-6374(00)00199-8 (2000). 

236 Ladel, C. H., Blum, C., Dreher, A., Reifenberg, K., Kopf, M., Kaufmann, S. H. Lethal tuberculosis 
in interleukin-6-deficient mutant mice. Infect Immun 65, 4843-4849, 
doi:10.1128/iai.65.11.4843-4849.1997 (1997). 

237 Nagabhushanam, V., Solache, A., Ting, L. M., Escaron, C. J., Zhang, J. Y., Ernst, J. D. Innate 
inhibition of adaptive immunity: Mycobacterium tuberculosis-induced IL-6 inhibits 
macrophage responses to IFN-gamma. J Immunol, 171, 4750-4757, 
doi:10.4049/jimmunol.171.9.4750 (2003). 

238 Saunders, B. M., Frank, A. A., Orme, I. M. & Cooper, A. M. Interleukin-6 induces early gamma 
interferon production in the infected lung but is not required for generation of specific 
immunity to Mycobacterium tuberculosis infection. Infect Immun 68, 3322-3326, 
doi:10.1128/IAI.68.6.3322-3326.2000 (2000). 

239 Ritter, K., Sodenkamp, J. C., Holscher, A., Behrends, J. & Holscher, C. IL-6 is not Absolutely 
Essential for the Development of a TH17 Immune Response after an Aerosol Infection with 
Mycobacterium Tuberculosis H37rv. Cells 10, doi:10.3390/cells10010009 (2020). 

240 Rambaran, S., Naidoo, K., Lewis, L., Hassan-Moosa, R., Govender, D., Samsunder, N., Scriba, T. 
J., Padayatchi, N., Sivro, A. Effect of Inflammatory Cytokines/Chemokines on Pulmonary 
Tuberculosis Culture Conversion and Disease Severity in HIV-Infected and -Uninfected 
Individuals From South Africa. Front Immunol, 12 (1) 641065, doi:10.3389/fimmu.2021.641065 
(2021). 

241 Cruz, A., Fraga, A. G., Fountain, J. J., Rangel-Moreno, J., Torrado, E., Saraiva, M., Pereira, D. R., 
Randall, T. D., Pedrosa, J., Cooper, A. M., Castro, A. G. Pathological role of interleukin 17 in 
mice subjected to repeated BCG vaccination after infection with Mycobacterium tuberculosis. 
J Exp Med, 207 (1) 1609-1616, doi:10.1084/jem.20100265 (2010). 

242 Rakshit, S., Hingankar, N., Alampalli, S. V., Adiga, V., Sundararaj, B. K., Sahoo, P. N., Finak, G., 
Uday Kumar, J. Aj., Dhar, C., D'Souza, G., Virkar, R. G., Ghate, M., Thakar, M. R., Paranjape, R. 
S., De Rosa, S. C., Ottenhoff, T. H. M., Vyakarnam, A. HIV Skews a Balanced Mtb-Specific Th17 
Response in Latent Tuberculosis Subjects to a Pro-inflammatory Profile Independent of Viral 
Load. Cell Rep, 33 (1) 108451, doi:10.1016/j.celrep.2020.108451 (2020). 

243 Dutta, R. K., Kathania, M., Raje, M. & Majumdar, S. IL-6 inhibits IFN-gamma induced autophagy 
in Mycobacterium tuberculosis H37Rv infected macrophages. Int J Biochem Cell Biol,  44 (1) 
942-954, doi:10.1016/j.biocel.2012.02.021 (2012). 

244 Bonecini-Almeida, M. G., Ho, J. L., Boechat, N., Huard, R. C., Chitale, S., Doo, H., Geng, J., Rego, 
L., Lazzarini, L. C., Kritski, A. L., Johnson, W. D., Jr., McCaffrey, T. A., Silva, J. R.  Down-
modulation of lung immune responses by interleukin-10 and transforming growth factor beta 
(TGF-beta) and analysis of TGF-beta receptors I and II in active tuberculosis. Infect Immun, 72 
(1) 2628-2634, doi:10.1128/IAI.72.5.2628-2634.2004 (2004). 

245 North, R. J. Mice incapable of making IL-4 or IL-10 display normal resistance to infection with 
Mycobacterium tuberculosis. Clin Exp Immunol, 113 (1) 55-58, doi:10.1046/j.1365-
2249.1998.00636.x (1998). 

246 Beamer, G. L., Flaherty, D. K., Assogba, B. D., Stromberg, P., Gonzalez-Juarrero, M., de Waal 
Malefyt, R., Vesosky, B., Turner, J. Interleukin-10 promotes Mycobacterium tuberculosis 



BIBLIOGRAPHY 

115 
 

disease progression in CBA/J mice. J Immunol, 181 (1) 5545-5550, 
doi:10.4049/jimmunol.181.8.5545 (2008). 

247 Darrah, P. A., Patel, D. T., De Luca, P. M., Lindsay, R. W. B., Davey, D. F., Flynn, B. J., Hoff, S. T., 
Andersen, P., Reed, S. G.,Morris, S. L., Roederer, M., Seder, R. A. Multifunctional TH1 cells 
define a correlate of vaccine-mediated protection against Leishmania major. Nature Medicine, 
13 (7) 843-850, doi:10.1038/nm1592 (2007). 

248 Moreira-Teixeira, L., Redford, P. S., Stavropoulos, E., Ghilardi, N., Maynard, C. L., Weaver, C. T., 
Freitas do Rosario, A. P., Wu, X., Langhorne, J., O'Garra, A. T Cell-Derived IL-10 Impairs Host 
Resistance to Mycobacterium tuberculosis Infection. J Immunol, 199 (1) 613-623, 
doi:10.4049/jimmunol.1601340 (2017). 

249 Gerosa, F., Nisii, C., Righetti, S.,Micciolo, R., Marchesini, M., Cazzadori, A., Trinchieri, G. CD4(+) 
T cell clones producing both interferon-gamma and interleukin-10 predominate in 
bronchoalveolar lavages of active pulmonary tuberculosis patients. Clin Immunol, 92 (1) 224-
234, doi:10.1006/clim.1999.4752 (1999). 

250 Guyot-Revol, V., Innes, J. A., Hackforth, S., Hinks, T. & Lalvani, A. Regulatory T cells are 
expanded in blood and disease sites in patients with tuberculosis. American Journal of 
Respiratory and Critical Care Medicine, 173 (1) 803-810, doi:10.1164/rccm.200508-1294OC 
(2006). 

251 Montes de Oca, M., Kumar, R., de Labastida Rivera, F., Amante, F. H., Sheel, M., Faleiro, R. J., 
Bunn, P. T., Best, S. E., Beattie, L., Ng, S. S., Edwards, C. L., Muller, W., Cretney, E., Nutt, S. L., 
Smyth, M. J., Haque, A., Hill, G. R., Sundar, S., Kallies, A., Engwerda, C. R. Correction: Blimp-1-
Dependent IL-10 Production by Tr1 Cells Regulates TNF-Mediated Tissue Pathology. PLoS 
Pathog, 12 (1) e1005460, doi:10.1371/journal.ppat.1005460 (2016). 

252 Torrado, E., Fountain, J. J., Liao, M., Tighe, M., Reiley, W. W., Lai, R. P., Meintjes, G., Pearl, J. E., 
Chen, X., Zak, D. E., Thompson, E. G., Aderem, A., Ghilardi, N., Solache, A., McKinstry, K. K., 
Strutt, T. M., Wilkinson, R. J., Swain, S. L., Cooper, A. M. Interleukin 27R regulates CD4+ T cell 
phenotype and impacts protective immunity during Mycobacterium tuberculosis infection. J 
Exp Med, 212 (1) 1449-1463, doi:10.1084/jem.20141520 (2015). 

253 Kanangat, S., Meduri, G. U., Tolley, E. A., Patterson, D. R., Meduri, C. U., Pak, C., Griffin, J. P., 
Bronze, M. S., Schaberg, D. R.  Effects of cytokines and endotoxin on the intracellular growth 
of bacteria. Infect Immun, 67 (1) 2834-2840, doi:10.1128/IAI.67.6.2834-2840.1999 (1999). 

254 Brace, P. T., Tezera, L. B., Bielecka, M. K., Mellows, T., Garay, D.,Tian, S., Rand, L., Green, J., 
Jogai, S., Steele, A. J., Millar, T. M., Sanchez-Elsner, T., Friedland, J. S., Proud, C. G., Elkington, 
P. T. Mycobacterium tuberculosis subverts negative regulatory pathways in human 
macrophages to drive immunopathology. PLoS Pathog, 13 (1) e1006367, 
doi:10.1371/journal.ppat.1006367 (2017). 

255 Campbell, L., Chen, C., Bhagat, S. S., Parker, R. A. & Ostor, A. J. Risk of adverse events including 
serious infections in rheumatoid arthritis patients treated with tocilizumab: a systematic 
literature review and meta-analysis of randomized controlled trials. Rheumatology (Oxford), 
50 (3) 552-562, doi:10.1093/rheumatology/keq343 (2011). 



APPENDIX 

116 
 

Appendix 

Supplementary Figure 1 

 

Figure S1. Increased IL-10 production from 
FoxP3-negative CD4 T-cells in old mice 
After a 5 h stimulation with PMA/Ionomycin and 
Brefeldin block, single cell suspension of spleen 
cells from C57BL/6 young (2 mths old) and old (17 
mths old) mice were fluorescent labelled with Abs 
against TCR-β, CD8, FoxP3 and IL-10. Using Flow 
cytometry, the relative percentage of IL-10 in CD4+ 

FoxP3+ and CD4+ FoxP3- populations were 
determined. (*P ≤ 0.04, **** P ≤ 0.0001; Two-way 
ANOVA with Sidak’s multiple comparison test) 

Supplementary Figure 2 

  
Figure S2. FoxP3-positive regulatory T-cells 
inhibit cell proliferation 
Spleen cells form FoxP3DTR mice were enriched 
for CD4 and sorted on GFP into FoxP3-positive 
Treg cells. Effector T-cells were cultured with or 
without Tregs for 3 days. Result shows the 
dilution of the proliferation dye and the 
inhibition of proliferation of effector cells by 
Tregs  
 

CellTrace
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Violet 

Effector T-cells Tregs:Effector T-cells 
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Supplementary Figure 3 

  

Figure S3. Antigen specific suppression stronger 
with TFH-10 cells 
Spleen cells form old p25 mice were enriched for 
CD4 and sorted into Lag3-negative effector T-cells 
or FoxP3-negative TFH-10 and TR1 cells. Effector 
T-cells were cultured with or TFH-10 (1:3) or Tr1 
cells (1:5) for 3 days. Result shows the dilution of 
the proliferation dye and the inhibition of 
proliferation of effector cells by regulatory CD4 
T-cells 
 

Supplementary Figure 4 

  
Figure S4. IL-6 deficiency does not significantly impair FoxP3 expression in old mice 
After a 5 h stimulation with PMA/Ionomycin and Brefeldin block, single cell suspension of spleen cells from C57BL/6 young (2 mths old) and old (17 
mths old) mice were fluorescent labelled with Abs against TCR-β, CD8, FoxP3 and IL-10. Using Flow cytometry, the relative percentage of FoxP3+ in 
CD4+ population was determined 
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