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Abstract

Ageing is accompanied by remodelling of the T cell pool and a hallmark of immune ageing is
the expansion of senescent T cells in aged hosts. Senescent T cells express markers of DNA
damage and cell cycle arrest markers, elevated production of pro-inflammatory cytokines as
a result of the senescence-associated secretory phenotype (SASP), and accumulation of
dysfunctional mitochondria. Importantly, animal studies have brought to light the causal role
of senescent T cell accumulation in driving ageing of non-lymphoid organs; highlighting the
need to combat the build-up of senescent T cells with advancing age.

Advancing age is also characterised by changes in gut microbiome composition, one
consequence of which is a reduction in short-chain fatty acid (SCFA) levels, the products of
bacterial fermentation in the gut. Interestingly, our group have reported a negative
correlation between stool butyrate levels and senescent CD4 and CD8 T cells in older adults.
To elucidate this connection further, in this thesis, we have examined the effect of butyrate
on T cell senescent features in healthy young (< 35 years) and healthy old (> 65 years) adults
using an in vitro model of proliferation-induced senescence.

Evaluation of the potential anti-senescent effect of butyrate revealed significant reductions
in the cell cycle arrest maker p53 and DNA damage marker y-H2AX in aged T cells following 3
day culture with ImM butyrate. We observed potential senomorphic properties of butyrate
mediated via attenuation of SASP post butyrate treatment in aged T cells, alongside
reductions in the expression of a key SASP regulator, the transcription factor nuclear factor
kappa B (NF-kB) at both the gene and protein level. Additionally, our findings demonstrated
the potential ability of butyrate to decrease mitochondrial mass and ROS production in the T
cells of older adults, however this requires further investigation. Consequently, we present
butyrate supplementation as a future senomorphic postbiotic treatment to delay the onset
of the senescent phenotype and help reduce the healthspan-lifespan gap by combating

immunesenescence.
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1.0 Introduction

1.1 Ageing population

Globally, lifespan (the total number of years lived) has extended considerably since the mid-
twentieth century. As of 2020, life expectancy is now approximately 73 years of age, a 26-year
increase from the life expectancy in 1950 (1). This prolonged lifespan has brought about a
shift in the population demographic, with an inordinate growth in individuals over 70 (3).
Despite this, a corresponding expansion in healthspan (the years lived disease-free) has not
occurred due to the increasing incidence of chronic diseases with age, leading to the
healthspan-lifespan gap which is estimated to be around 9 years (Figure 1) (1, 4). 80% of
chronic disease-related deaths are attributable to diseases such as cancer, diabetes,
cardiovascular disease (CVD) and chronic respiratory diseases with 58% of these deaths

occurring in the over 70 age group (5).

Ageing is characterised by a loss of function in most organs such as cardiac, renal, pulmonary
and cerebral in addition to a decline in endocrine and immune function (6). Physiological
changes occurring with age are primarily determined by genetics however, they are also
affected by environmental elements such as diet, exposure to microorganisms and exercise
(7). So far, increases in lifespan have occurred due to advancements in reducing childhood
mortality and recently it has been proposed that any further increase in lifespan will rely on
extending the lives of the older population (8, 9). However, any extension of lifespan without
the parallel increase in healthspan will only serve to widen the aforementioned healthspan-
lifespan gap. Recognised as a priority by the UK government, it is imperative to focus on
improving healthspan by reducing the years spent living with chronic disease in order to

achieve a healthy lifespan (10, 11).
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Figure 1. Healthspan-lifespan gap.

Despite life expectancy having increased to an average of 73.2 years, a significant proportion of
this is spent in poor health. Therefore, the gap between the current life expectancy and total
years spent healthy and disease-free (i.e., healthspan) is estimated at 9.2 years (1).



1.2 Immunesenescence

During the process of ageing, a remodelling of the innate and adaptive immune system occurs,
resulting in an impaired ability to mount a robust immune response, termed
immunesenescence (Figure 2) (12). Clinical implications of immunesenescence include
increased susceptibility towards bacterial and viral infections (13), reduction in response to
vaccinations (14) and an increased risk of chronic inflammatory conditions, such as
rheumatoid arthritis (15) and cancers (16). Importantly, a recent study has recognised
immunesenescence as a driver of the ageing process, demonstrating the causal role that an

aged immune system has on systemic ageing (17).

1.2.1 Innate immune ageing

1.2.1 (a) Neutrophils

Neutrophils are the first immune cells to leave circulation and migrate to the site of infection
and kill invading bacterial and fungal pathogens. However, with advancing age, the ability of
neutrophils to migrate in response to a stimulus gradient, termed chemotaxis, has been
shown to decrease (18, 19). Furthermore, aged neutrophils also display a reduced ability to
phagocytose pathogens (20). Neutrophils mediate intracellular killing of pathogens via the
antimicrobial enzymes and peptides present within intracellular granules, one of these being
Cathelicidin-related antimicrobial peptide (CRAMP) (21). Lower concentrations of CRAMP
were expressed at baseline in old mice compared to the young and whilst levels increased
following S. pneumoniae infection, overall CRAMP levels remained significantly lower in old
mice; together contributing towards the age-associated increased vulnerability to bacterial

infections and elevated mortality (22).

1.2.1 (b) Monocytes/Macrophages

Responsible for the clearance of invading pathogens through the process of phagocytosis,
macrophages are important immune effectors that are activated in both the early and late
stages of infection (23). Although circulating monocyte numbers are preserved with age, an

expansion of both the intermediate and pro-inflammatory non-classical CD16* monocyte



compartments is observed, paired with a decline in the classical subset (24). Such as with
neutrophils, the ability of macrophages to phagocytose bacteria and apoptotic cells, a process
known as efferocytosis, declines with age (25). A decline in phagocytic function of alveolar
macrophages has been reported in aged mice and a decrease in efferocytosis capability with
age is also seen in older humans (26, 27). Another feature of macrophage ageing is the shift
toward a more pro-inflammatory phenotype. Aged monocytes display a decline in the
production of pro-inflammatory cytokines (interferon-alpha (IFNa), interleukin-1 beta (IL-13))
upon stimulation with toll-like receptor 4 (TLR4), TLR7/8 and retinoic acid—inducible gene |
(RIG-I), however an increased basal secretion of pro-inflammatory cytokines is seen with age

(28).

1.2.1 (c) Natural Killer cells

Natural killer (NK) cells are large granular lymphocytes crucial in removing virally infected
senescent cells and tumours (29). The NK cell compartment is made up of primarily CD569™
cells which possess cytotoxic properties, both natural and antibody-dependent, whilst the
remaining CD56°"8" cells are responsible for producing an assortment of cytokines and
chemokines that influence immunomodulation (30). Studies have shown that with age, there
is an increase in the number of CD569™ NK cells along with a corresponding decrease in
CD56Pre"t NK cells (31, 32). At a single cell level, aged NK cells demonstrate a decrease in
cytotoxicity which is a result of reduced localisation of the cytolytic protein perforin towards
the immunological synapse with age (32, 33). Production of anti-viral cytokines, in particular
interferon-gamma (IFN-y) and tumour necrosis factor alpha (TNF-a), by aged NK cells is
decreased upon target cell stimulation, when compared with NK cells from young subjects

(29, 34, 35).

1.2.1 (d) Dendritic cells

Bridging the gap between innate and adaptive immunity, dendritic cells (DCs) are the
predominant antigen-presenting cells (APCs) and are comprised of two subsets; conventional
DCs (cDCs), alternatively known as myeloid DCs (mDCs), and plasmacytoid DCs (pDCs) (36).
Studies have highlighted that in cohorts over 60 years of age, the number of mDCs decreases
whilst pDC numbers remain unchanged when compared with the young cohort (37, 38). With

age, pDCs demonstrate a reduced ability to release the type | IFN cytokine upon stimulation



with toll-like receptor TLR9 ligand due to defective interferon regulatory factor 7 (IRF7)
phosphorylation (39). The capacity of DCs to uptake and present antigens to naive T cells
diminishes with age; resulting in the diminished ability to prime a robust adaptive immune
response (40, 41). The expression of specific genes involved in antigen presentation is
significantly reduced in CD1c* mDCs from aged individuals. HLA class Il histocompatibility
antigen DR beta 5 chain (HLA-DRB5), HLA Class Il histocompatibility antigen DQ alpha 2 chain
(HLA-DQAZ2), and Rab-interacting lysosomal protein (RILP) were all downregulated in DCs from

older adults compared to young individuals (42).

1.2.2 Adaptive immune ageing

1.2.2 (@) Thymic involution

The thymus, a primary lymphoid organ, is the site of T cell development occurring through a
sequence of proliferation and differentiation phases, known as thymopoiesis (43).
Haematopoietic stem cells (HSCs) residing in the bone marrow produce T cell progenitors
called thymocytes which undergo maturation into single-positive CD4 and CD8 naive T
cells.With age, the thymus undergoes significant structural changes characterised by a
diminished thymic mass and altered tissue organisation and microenvironment, termed
thymic involution (44). In mice, age-related thymic involution has been shown to reduce total
thymic and thymic epithelial cell (TEC) cellularity by 50% when comparing mice at 16 weeks
with those 4 weeks of age (45). Alongside TEC decline is an expansion of fibroblasts and
adipocytes, disrupting the normally well-defined cortex and medullar zones (46, 47). Age-
associated thymic involution considerably affects thymic output, most notably causing a

decrease in the numbers of naive T cells produced (48).
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Figure 2. Hallmarks of adaptive and innate immunesenescence.

Ageing is associated with innate and adaptive immune system dysfunction resulting in the inability to
respond appropriately to pathogenic challenge leading to dysregulated systemic inflammation.
Ineffective pathogen clearance due to defective innate functioning alongside the failure of APCs to
properly present antigens to the adaptive arm impairs lymphocyte priming and activation. In
combination with intrinsic T and B cell senescence, affecting antibody generation and regulatory
capacity, the overall consequence is a higher susceptibility to disease with age.



Recently, a study using T cell receptor excision circles (TRECs) generated during TCR
development in maturing T lymphocytes as a method of measuring thymic output, reported
an age-dependent decline in TREC expression in human peripheral blood mononuclear cells
(PBMCs) (49). This reduction in naive T cell output subsequently impacts the peripheral T cell
pool landscape, leading to reduced cell diversity and diminished immunosurveillance capacity
(48). Various underlying mechanisms have been proposed, one of which suggests that age-
related defects in the stomal niches of the thymus contributes to thymic involution (43). The
structural integrity of the thymus is disrupted due to the aforementioned increase in fibrosis
and adiposity with age, affecting the thymic microenvironment leading to a reduction in
thymopoiesis. Interleukin 7 (IL-7), produced by TECs, has a key role in thymopoiesis however
studies have reported an age-dependent decline in IL-7 production, possibly attributed to the

loss of major histocompatibility complex (MHC) class II* TECs in the aged thymus (50, 51).

1.2.2 (b) T cell subset redistribution and ageing

As previously mentioned, ageing is associated with a shift in the naive: memory T cell ratio, a
result of an increase in antigen-specific memory T cells that have encountered pathogens and
a decrease in antigen-naive T cells (52, 53). CD4* and CD8" memory T cells can be further
classified into 3 subsets based on the expression of CD45RA and the chemokine receptor CCR7
cell surface markers; central memory (CD45RACCR7*), effector memory (CD45RACCR7’) and
the terminally differentiated effector memory cells re-expressing CD45RA (CD45RA*CCR7"
)(54). With age, a decrease in central memory (CM) T cells is observed whilst the effector
memory (EM) compartment increases due to an accumulation of the terminally differentiated
effector memory (EMRA) T cells (55, 56). These shifts in memory T cell composition are more

pronounced in the cytotoxic CD8* compared to helper CD4* T cells (55).

1.2.2 (c) T cell senescence

With chronological ageing due to repeated antigenic stimulation T cells undergo replicative
senescence, leading to an accumulation of senescent T cells, especially within the EMRA
subset of the memory T cell population (57). Replicative senescence describes the process
through which cells enter a condition of irreversible cell cycle arrest after numerous courses

of replication, a state characterised by distinct alterations in gene expression and mediated



by initiation of either one or both p53/p21WAFY/CIP1 gnd p16'NK4A/pRB tumour suppressor

pathways (58).

Key features exhibited by senescent T cells include accumulation of unrepaired DNA damage,
primarily in the form of double-strand breaks (DSBs), apoptosis resistance and telomere
shortening (Figure 3) (59). Another hallmark is the increased secretion of cytokines,
chemokines and proteinases by senescent T cells, known as the senescence-associated
secretory phenotype (SASP). Many of the SASP components are pro-inflammatory in nature
such as the cytokines interleukin-6 (IL-6), interleukin-8 (IL-8) and IL-1[3 therefore, as senescent
T cells accumulate with age, continuous SASP generates a pro-inflammatory environment
contributing to the low-grade, chronic inflammation that occurs with age, termed
inflammageing (60, 61). Among the various T cell subsets, human senescent CD8* TEMRA cells
present with an extremely inflammatory secretory profile distinctive of the SASP which has
been shown to be dependent on p38 mitogen-activated protein kinases (MAPK) signalling
(62). Essential for senescence growth arrest due to its capacity to activate p53/p21WAFI/CIPL
and p16'NKA/pRB pathways, p38 MAPK has been identified as a key regulator of the SASP and
is capable of promoting SASP in genotoxic-induced senescence (63). This occurs primarily via
increased transcriptional activity of the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) protein complex. Inhibition of NF-kB using short hairpin RNAs
(shRNAs) targeting the p65 subunit of NF-kB prevented induction of IL-6, IL-8 and CXC motif
chemokine ligand 1 (CXCL1) SASP factors in senescent fibroblasts (64). In the context of age-
associated senescence, reactive oxygen species (ROS) production acts as a trigger for the p38
MAPK pathway, the downstream effects of which stabilise SASP-dependent mRNA (65).
Senescent T cells are characterised by increased mitochondrial ROS production due to the
accumulation of dysfunctional mitochondria possibly as a result of defective mitophagy (60).
It is thought that increased mitochondrial mass may serve as a protective measure against
senescence, compensating for the decline in function with age, nevertheless, the persistent

ROS production of aged mitochondria drives the senescent phenotype in T cells.

In addition to alterations in signalling pathways as biomarkers of senescence, T cells undergo
various morphological changes with age that are indicative of senescent cells. Typically,

senescent cells display a larger and irregularly shaped cell body, mediated by mammalian



target of rapamycin complex 1 (mTORC1) protein complex activation in response to
senescence-inducing stimuli (65). An age-associated decline in growth factors, such as growth
differentiation factor 11 (GDF11) and the growth hormone/insulin like growth factor-I axis, is
also observed and possibly contributes to mTORC1 stimulation leading to cell enlargement

(66).

1.2.2 (d) Ageing and T cell Functional changes

CD4* T cells develop into effector cells capable of secreting a wide variety of cytokines
depending on the Tnl, Th2, Thl7 or regulatory T cell (Treg) subset (67). CD8* cytotoxic T cells
function to eliminate damaged cells and cells infected by intracellular pathogens, for example
viruses and cytoplasmic bacteria, through secretion of perforins, granulysin and granzymes
(68). Activation of T cells requires T cell receptor (TCR) stimulation with peptide antigens via
interactions with MHC class | (CD8*) or MHC class Il (CD4*) on APCs, forming an immunological
synapse (IS) (69). With age, declines in TCR repertoire diversity and signalling intensity have
been observed whereby the ability of naive CD4* T cells from aged mice to establish
immunological synapses was defective when compared with young naive CD4* T cells. This
was due to impaired ability of aged CD4* T cells to redistribute the cytoskeletal protein F-actin
towards the edge of the cell following incubation with anti-CD3, resulting in an age-related
decrease in lamellopodia formation (70). On a transcriptional level, TCR signalling is controlled
by microRNAs (miRNAs), specifically the expression of miR-181a in T cells (71). Ageing is
associated with a decline in miR-181a expression, seen in both CD4* and CD8* T cells, in
addition to further reductions in expression upon activation and differentiation (72, 73).
Therefore, aged T cells possess diminished TCR sensitivity and require greater antigenic
stimulation to trigger activation however, due to deficiencies in T cell-APC interactions, this

higher activation threshold is not
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Figure 3. Hallmarks of senescent T cells.

During replicative senescence, the shortening of telomeres and excessive, unrepaired DNA damage in T
cells triggers the upregulation of p53, causing irreversible cell cycle arrest. These cells possess
dysfunctional mitochondria displaying extreme oxidative stress in the form of increased ROS production
which contributes to impaired proteostasis mechanisms. Accumulation of defective mitochondria
occurs due to senescent cells being less capable of clearance via mitophagy. Considerable changes to
the secretome of senescent cells take place, characterised by a shift towards pro-inflammatory factors,
known as the senescence-associated secretory phenotype (SASP) which contributes to inflammageing.
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being met. Following activation, T cells from mice demonstrate an age-associated decline in
proliferative capacity, with both CD4* and CD8* T cells from > 22 month-old mice showing no
proliferative response to low (low anti-CD3), intermediate (low anti-CD3 + anti-CD28), or high
(high anti-CD3 +anti-CD28) stimuli (74). These aged T cells also showed a decline in the
production of IL-2, a crucial driver of T cell proliferation, and similarly the T cells from aged
mice displayed no proliferation in response to exogenous IL-2 stimulation. Additionally, the
age-associated reduction in IL-2 levels impairs the ability of naive CD4* T cells to properly
polarise into the Th1 and Th2 helper subsets, leading to incomplete differentiation and thus
poor effector functions (75). Ageing is also accompanied by skewing of helper differentiation
towards the Th17 phenotype and an increase in the Th1:Th2 ratio (76). This Th17 increase with
age may in part be due to the aforementioned decline in the cytokine IL-2, which works to
suppress Th17 differentiation. Aged murine T cells cultured with anti-IL-2 demonstrated a
blunted increase in the Th17 population compared with young T cells, indicating that IL-2 was
already dampened in the aged mice (77). Th17 cells are characterised by the production of the
pro-inflammatory cytokine IL-17, consequently, increases in Th17 cells lead to higher levels of

circulating IL-17 thus contributing to inflammageing.

1.2.2 (e) Regulatory T cell Ageing

Tregs play a vital role in regulating immune responses to self and foreign antigens and play a
vital role in protecting against autoimmunity (78). Ageing is accompanied by an increase in
circulating Treg numMbers, possibly a result of a lifetime of effector cell generation in response
to infections, as it has been proposed that effector cells encourage Treg-mediated suppression
(79). Elevated Treg Nnumbers may also be a compensatory mechanism for the decline in
immunosuppressive function exhibited by aged Tregs. Whilst conventional T cell (Teonv)
proliferation was effectively suppressed by young Tregs, the ability of aged Tregs to suppress the
proliferation of Tcony in vitro was impaired (80). This expansion of Tregs With increasing age is a
key contributor to the decline in IL-2 levels due to the ample expression of IL-2 receptor (IL-
2R) on the cell surface, emphasising the crucial role of the cytokine in Treg function. Ablation
of the IL-2R a-chain in mice, which facilitates the sequestering of IL-2 from effector T cells, led
to early onset and greater severity of disease compared to wild-type (WT) mice (81). It has

been proposed that T.egs may be partially responsible for the age-related preferential
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differentiation of Th17 cells through consumption of IL-2, thus promoting IL-17A production,

in addition to being implicated in the induction of T cell senescence (82, 83).

1.2.2 (f) B cell Ageing

B cells operate as APCs, specifically recognising conformational antigen epitopes via the B cell
receptor (BCR) consequently priming and activating T cells through the expression of MHC
class 1l (84). B cells also possess the ability to secrete immunomodulatory cytokines,
influencing processes such as the maturation of Peyer’s patches and isolated lymphoid

follicles in the gut, CD4* T cell immune responses and regulation of inflammatory signals (85).

Whilst total peripheral B cell numbers remain stable throughout adult life, B cell production
within the bone marrow declines with advancing age, attributable to cell-specific alterations
as well as changes to the microenvironment of lymphoid organs (86). Isolated HSCs from aged
individuals displayed significantly reduced capability to produce lymphoid B lineage cells
leading to increases in myeloid progenitors developing from single HSCs and thus an increase
in the myeloid: lymphoid ratio. This diminished committal to B cell differentiation is indicated
by the reduction of early B cell populations, for instance the age-associated decrease in
mature naive B cells (87). Ageing is also accompanied by B cell functional defects, primarily
lower levels of antibodies and production of antibodies with low protective function; a
contributing factor in the poorer vaccine responses reported in the elderly (88). Another
prominent change to B cells with age is the emergence of the novel age-associated B cell (ABC)
subset that have been shown to play an important role in viral infections, as well as post
infection (89, 90, 91, 92). Additionally, ABCs have been implicated in the reduced B
lymphopoiesis seen with age due to the production of TNF-a, disrupting the early stages of B
cell development through apoptosis (93). Ageing is associated with an increased prevalence
of autoimmune diseases, and in both mouse models of autoimmunity and human disease
ABCs are elevated, thought to be promoted by TLR7 and TLR9 signalling (94). Upon TLR
stimulation, ABCs have been shown to secrete autoantibodies, recognising self-molecules and
proteins such as chromatin and the centromeres of chromosomes (95). The presence of
autoantibodies has been associated with various autoimmune disorders, for instance type 1

diabetes mellitus and systemic lupus erythematosus (SLE). Lastly, numerical and functional
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loss in immunoregulatory B cells (Bregs) is another potential contributor towards the increased

risk for autoimmune diseases (96).

1.2.3 Inflammageing

Another universal feature of ageing is prolonged increase in basal levels of proinflammatory
markers (TNF-o, C-reactive protein (CRP), IL-6), a state known as inflammageing (59). A
recently developed metric for systemic inflammation (iAge) has been recognised as a
predictor of the ageing trajectory (97). Expanding evidence highlights inflammageing as a
major risk factor in a multitude of age-related diseases (ARDs) such as cancer, cardiovascular
diseases, age-related frailty and development of cognitive defects; together resulting in ill
health in older adults (98, 99, 100). Thus, there is an increasing drive towards testing anti-
inflammageing therapies to promote healthy ageing process. Multiple factors have been
recognised as potential contributors towards inflammageing including accumulation of
senescent cells with SASP phenotype, impaired autophagy processes resulting in
accumulation of cellular debris and damage-associated molecular patterns (DAMPs),

immunesenescence and gut microbiome dysbiosis (which will be discussed later).

1.3 Gut Microbiome

1.3.1 Composition and diversity

Within the human gastrointestinal (Gl) tract resides around 100 trillion microorganisms,
consisting of fungi, viruses, archaea and predominantly bacteria (101). To date, over 1000
different gut bacterial species have been identified and classified taxonomically into 6 major
phyla: Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, Verrucomicrobia and
Fusobacteria, with 90% of gut bacteria belonging to either Firmicutes or Bacteroidetes (102).
An ecologically diverse gut microbiota community is considered healthy, in terms of bacterial
richness (the number of existing taxa) and evenness (the abundance of said microbial

constituents) (103).
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1.3.2 Functions

The human gut microbiota retains a symbiotic relationship with the host, providing
immunological, metabolic and protective functions to the healthy individual whilst obtaining
nutrients from host dietary components (104). Nutrient metabolism is one of the key
functions of the gut bacteria as they possess the ability to ferment indigestible
oligosaccharides and other carbohydrates which may have missed absorption (105, 106).
Fermentation by gut microbes such Faecalibacterium, Bacteroides and Bifidobacterium, result
in the production of metabolites such as short-chain fatty acids (SCFAs), bile acids and certain
amino acids (106, 107). SCFAs derived from the gut microbiota, namely butyrate, propionate,
valerate and acetate, provide a vital source of energy for the epithelium that make up the
intestinal epithelial barrier and are essential to the maintenance of gut barrier integrity (108).
Multiple studies have reported on the immunomodulatory function of the microbiome, which
is discussed later in section 1.5 (109, 110, 111, 112). The gut microbiota also contributes to
antimicrobial protection within the Gl tract by prohibiting the overgrowth of inhabiting
pathogens (104). This is done via modulation of the intestinal mucus layers and antimicrobial

peptide (AMP) synthesis, such as a-defensins, by host Paneth cells (113, 114).

1.4 Ageing of the gut microbiome

1.4.1 Microbiome composition changes

Advancing age is accompanied by alterations to the gut microbial composition, causing an
imbalance in beneficial and opportunistic bacteria, referred to as microbial dysbiosis (115).
Age-related dysbiosis is characterised by a reduction in beneficial and commensal bacteria
such as Bifidobacterium, Bacteroidetes and Coprococcus, which are key to maintaining a
healthy gut homeostasis. Coinciding with this, there is an enrichment of opportunistic
pathobionts such as Enterobacteriaceae and Staphylococcus which promote a pro-
inflammatory gut environment (116, 117). Alongside age, environmental factors such as
altered diet and increased antibiotic use also influence the gut bacteria composition and

promote microbiome dysbiosis (118, 119).
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1.4.2 Microbial metabolite profile shift

Microbial metabolism provides a key method of facilitating the cross-talk between the
intestinal microbiota and host via the production of metabolites (120). The gut microbiota
assist in the fermentation of indigestible dietary factors thus generating metabolites such as
short-chain fatty acids (SCFAs), in addition to converting primary bile acids to secondary bile

acids (106, 121).

With age, there is a clear shift in the metabolite profile, primarily characterised by a dramatic
decline in the levels of faecal SCFAs, with total SCFA concentrations more than halving from
76.4mM in adults under 50 years, to 32.3mM in faecal samples from the oldest age group
(>80 y/0) (122, 123). The decrease in SCFAs is in part due to an age-associated reduction in
SCFAs-producing bacteria (Bifidobacterium) (2, 124). Coinciding with this decrease in
microbiome-derived SCFAs is an increase in the levels of ammonia, branched fatty acids and
phenols seen in the aged population (125). Another potential contributor could be age-
associated changes to diet, for example a lower fibre consumption, and an increase in

antibiotic treatment with age which correlates with reduced colonic SCFAs (126).

Whilst the changes to SCFAs with age and the subsequent effects have been investigated the
most to date, there is emerging evidence of the involvement of other microbiome-derived
metabolites in certain age-associated diseases. Plasma levels of trimethylamine-N-oxide
(TMAOQ), a chlorine product synthesised by gut microbiota, have been shown to increase with
age in both humans and mice when compared with a young cohort (127). The same study also
reported TMAO-induced neuron senescence along with a down-regulation of the mammalian
target of rapamycin (mTOR) signalling pathway and impaired cognitive performance in mice.
Despite recent studies suggesting an association between TMAO and Alzheimer’s disease, the
specific mechanisms of microbiome metabolite regulation of brain function are still yet to be

fully defined (128).

1.4.3 Increased Intestinal Barrier permeability

The intestinal epithelial barrier functions as the primary barrier that regulates the

transportation of nutrients and microbial components into circulation and acts as an interface
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for interactions between commensal bacteria residing in the gut and the host immune system
(129, 130). The outermost mucus layer, produced by goblet cells, overlays the one-cell-thick
intestinal epithelium layer made up of intestinal epithelial cells (IECs) joined together by
junctional complexes such as tight junction proteins (zonulin and occludin) and adherens
junctions. Specialised IECs known as Paneth cells secrete AMPs such as defensins in response
to particular bacterial products, helping to maintain microbiota homeostasis (131). Below the
epithelium layer is the lamina propria (LP), a thin layer of connective tissue that hosts both
adaptive and innate immune cells such as T cells, B cells and macrophages (132). Commensal
bacteria residing in the gut positively impact the intestinal barrier integrity through the
production of metabolites such as SCFAs and secondary bile acids (133). However, the age-
associated compositional changes that the gut microbiota undergoes is a potential
contributor towards a reduction in intestinal barrier integrity leading to increased intestinal

permeability (134).

Other alterations to the intestinal barrier, reported in aged mice, is a reduction in the number
of viable goblet cells as well as a thinning of the colonic mucus layer due to a greater number
of apoptotic goblet cells (135). Additionally, remodelling of the intestinal barrier with age
occurs to the composition of IEC tight junctions as analysis of zonula occludens-1 (ZO-1) and
occludin mRNA in old rats showed a downregulation of these tight junction proteins
compared with young rats (136). Increases in levels of microbial translocation biomarkers
such as lipopolysaccharide-binding protein (LBP) have been observed in aged non-human
primates compared to the young, demonstrating a surrogate marker for increased intestinal
barrier permeability (137). Importantly, a study done in aged germ-free mice has recently
shown that this translocation of gut microbes and microbial products into the blood stream
contributes to the persistent, low-grade inflammation occurring with age (61, 138). Intestinal
permeability causes these microbe-associated molecular patterns (MAMPs) to be in direct
contact with the host immune cells present in the LP and circulation, thus provoking an
immune response in the absence of an infection (138, 139). Lipopolysaccharide (LPS)
stimulation is known to induce pro-inflammatory cytokine (IL-6) production by
monocytes/macrophages; thus, contributing towards inflammageing (138). Furthermore,

elevated levels of circulating MAMPs with age have numerous pathological implications such
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as increased risk of inflammatory diseases and metabolic disorders in older adults, such as

increased susceptibility to CVD (130, 140).

1.4.4 Potential contributors towards age associated microbiome changes

Often, advancing age brings about significant lifestyle changes, such as altered exercise and
dietary patterns in older adults resulting in malnutrition (141, 142)(118). It is well known that
physical activity levels deteriorate with age, attributable to reductions in upper and lower
muscle strength in addition to the predominance of frailty in older adults (143). Exercise has
the ability to significantly effect gut bacteria composition as seen in murine studies, for
example mice undergoing voluntary exercise displayed increased beta diversity (measure of
similarity or dissimilarity between communities) after 12 weeks compared to baseline levels
(144). Similar results have been seen in humans, with the gut microbiome of elite athletes
displaying greater alpha diversity (measure of distribution of species abundances in a sample)
in comparison to that of control groups. Specifically, a decrease in abundance of the phylum
Bacteroidetes was noted in the elite athletes, whilst abundances of Firmicutes such as
Ruminococcaceae and Succinivibrionaceae was increased; thus, suggesting that age-
associated decline in physical functioning levels is a potential contributor towards
microbiome dysbiosis in aged hosts (145). Another possible environmental factor contributing
to age-associated microbiome disturbances is recurrent antibiotic usage in the elderly due to
increases in bacterial infections with age leading to repeated hospital admissions. Repeated
courses of the antibiotic ciprofloxacin resulted in loss of diversity and bacterial community
composition shifts occurring 3-4 days post treatment (146). Following completion of the
study, the composition of the participants’ gut microbiota was altered from its state prior to
the initial course of antibiotics, highlighting the global impact of recurring antibiotic

consumption on the microbiome.
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1.5 Gut microbiome and immune cross talk

1.5.1 Immune system and the microbiome

Due to the exceptionally dense microbial community present in the gut, it is imperative that
the intestinal immune system develops immune tolerance towards commensal microbes
whilst also remaining responsive to invading pathogens. Maintaining homeostasis requires
persistent communication between the gut microbiome and the host immune system, with
studies describing considerable bidirectional contact occurring between compartments,
mediated by the intestinal epithelial barrier (147, 148). Immunosurveillance within the gut is
carried out in part by the large presence of macrophages residing in the LP which, due to the
expression of phagocytic receptors specific to bacteria such as triggering receptor expressed
on myeloid cells 2 (TREM-2), are effective in the removal of translocating bacteria breaching
the epithelial barrier (149). Notably, mucosal macrophages exposed to bacterial products or
bacteria themselves are hyporesponsive to such stimuli which usually trigger significant pro-
inflammatory responses in other macrophage populations located around the body (150). By
efficiently eliminating low-grade microbe infiltration whilst downregulating unnecessary
inflammatory responses, resident macrophages work to achieve the preservation of both
intestinal tissue integrity and equilibrium of the microbiome-host immunity interface (151).
Similarly, DCs interact with commensals or commensal antigens that may have
unintentionally migrated across the epithelial barrier through capture and trafficking to the
mesenteric lymph node (MLN) whereby presentation to IgA* B cells occur (152). Secretory IgA
(SlgA) from B cells is transported from the LP into the intestinal lumen via transcytosis and
exerts effects on the commensal population, one mechanism of which is immune exclusion,
describing the process of crosslinking surface antigenic epitopes thus prohibiting the
attachment of microorganisms to epithelium and/or impeding their penetration through the
intestinal barrier (153). One study highlighted the ability of gut commensals to influence the
amount of bacterial antigen reaching the MLN, as higher titers of non-invasive Salmonella
were observed in the MLN of antibiotic-treated mice compared to untreated counterparts. It
was shown that CX3CR1" mononuclear phagocytes, displaying both macrophage- and DC-like
phenotypes, were responsible for the transportation of Salmonella to the MLN under

dysbiotic conditions independent of the MyD88 signalling pathway (154).
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Immune tolerance is also maintained heavily by a specific subset of FoxP3* Tregs and bacterial
species such as B. fragilis play a vital role in inducing FoxP3* Tegs to produce IL-10 (155, 156).
Thus, the microbiome has become a known intrinsic regulator of intestinal immune

responses, achieving a mutualistic existence via numerous signalling mechanisms.

1.5.2 Mechanisms underlying microbiome exerted impact on the immune system

Communication between gut microorganisms and host immunity is primarily accomplished
through recognition of microbial signals by PRRs, for instance TLRs, leading to downstream
immune activation. One such signal is the capsular carbohydrate polysaccharide A (PSA),
produced by B. fragilis and highly expressed in the capsule component of the bacteria (157).
It is via this immunomodulatory molecule that the gram-negative obligate anaerobe is
capable of inducing both pro- and anti-inflammatory effects, such as the aforementioned
promotion of IL-10 production by Tregs, Which have been shown to work in combination with
a particular subset of CD4*CD45Rb'°"CD62L°CD44*FoxP3" T effector/memory (Rb*Tem) cells,
the expansion of which is induced by PSA, to suppress inflammatory reactions (158). Rb*Tem-
FoxP3* T interaction is mediated by IL-4 signalling, demonstrated via in vitro IL-4
neutralisation which led to complete inhibition of IL-10 production during Rb*°Tem and FoxP3*
Treg cO-culture. Only through neutralisation of the IL-4 receptor CD124 on the FOXP3* T 1egs Was
production of IL-10 sufficiently blocked, indicating a communication pathway achieved by IL-
4 secretion from RbTem cells, binding to CD124 expressed on FoxP3* T and subsequent
release of IL-10 (159). Prior to contact with T cells, PSA is initially taken up by APCs such as
DCs and converted to smaller fragments to then be presented to CD4* T cells through MHC Il
(160). Recognition of PSA occurs due to TLR-2 ligation, which forms a heterodimer with TLR-
1, working in combination with the C-type lectin PRR Dectin-1. Following this,
phosphoinositide 3-kinase (PI3K) pathway activation takes place and is crucial for
downstream inactivation of glycogen synthase kinase 33 (GSK3[3) via phosphorylation leading
to expression of anti-inflammatory genes in a cAMP response element-binding protein

(CREB)-dependent manner (161).

Gut microbial metabolites are another example of symbiosis factors facilitating microbiome-

immune crosstalk, the most well studied of which are SCFAs. Providing a range of beneficial
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effects to both gut commensals and host cells, SCFAs are an energy source for colonocytes,
regulators of host immune responses and key moderators of gut homeostasis (Figure 4) (162,
163). SCFAs possess the ability to stimulate both innate and adaptive immune cells directly,
assisting in the development of gut immune tolerance. Within the colon of GF mice, Treg
numbers are significantly reduced however, supplementation of individual or a combination
of SCFAs led to an expansion of colonic Treg (CTreg) frequency and numbers. Treatment of
isolated GF mouse cTregs in vitro with propionate specifically stimulated IL-10 secreting FoxP3*
CTregs, @ process dependent on G-protein coupled receptor (GPR) 43 expression and
subsequent downstream signalling, leading to suppression of pro-inflammatory factors such
as IL-6, IFNy and IL-13 (164). SCFAs are also able to stimulate CD4* effector T cells via GPR43
ligation, explicitly regulating CD4* Tnl functionality by increasing the expression of B
lymphocyte-induced maturation protein 1 (Blimp-1) and inducing production of IL-10 (165).
Whilst SCFAs are known histone deacetylase (HDAC) inhibitors, the effects seen in IL-10
producing Th1 cells occurred independently of HDAC inhibition, as shown by the inability of a
known HDAC inhibitor Trichostatin A (TSA) to affect IL-10 secretion in WT or GPR437- KO Tn1
cells. Treatment with butyrate however lead to elevated levels of IL-10 in WT but not GPR43"
/Tyl cells, demonstrating that these effects are GPR43-mediated. In particular, butyrate
heightens the memory capability of activated antigen-primed CD8* T cells, as memory CD8* T
cells derived from in vitro-activated transgenic (gBT-I) cells transferred to specific-pathogen-
free (SPF) mice on a high-fibre diet were able to produce greater numbers of secondary
effector cells compared to memory gBT-I cells in control mice (166). Another GPR of which
butyrate is a ligand is GPR109a, typically expressed by APCs such as macrophages and DCs
(167, 168). Interaction with this receptor promotes both APCs to display anti-inflammatory
phenotypes, another mechanism through which SCFAs regulate gut inflammation. KO Niacr1
/- (encoding for GPR109a) mice were immensely affected by DSS-induced colitis, characterised
by loss of the tight junction claudin-3 and increased serum levels of IL-6, IL-13 and CXCL1,
whilst in the WT mice colonic inflammation did not occur (169). The presence of SCFAs alters
IgA and IgG antibody production by B cells, as shown in mice fed a high fibre diet (HFD) which
had higher levels of IgA in the caecal lumen and increased serum IgG levels compared with
low fibre diet (LFD) counterparts (170). Increases in antibody production are in part
attributable to the ability of SCFAs to promote B cell differentiation into plasma cells (PCs) by

upregulation of genes associated with PC differentiation such as Prdm1, Aicda and Xbpl1.
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Treatment with butyrate or propionate significantly decreased TNF-o. production in LPS-
stimulated murine neutrophils in vitro via deactivation of NF-kB, thus inducing an overall anti-
inflammatory response (171). Peripheral recruitment of neutrophils to sites of inflammation
is attenuated by SCFAs upon interaction with GPR41, particularly their influx into the airways,
due to a dampening in the macrophage production of CXCL1, a principal neutrophil-recruiting

chemokine (172).
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Figure 4. Imnmunomodulatory mechanisms of SCFA:s.

(1) SCFAs are exclusively generated by commensal bacteria, predominantly belonging to the
Firmicutes phylum. (2) Working as part of a positive feedback loop, SCFAs promote beneficial
bacteria growth and thus (3) preventing establishment of opportunistic bacteria assisted by
(4) the encouragement of defensive mucus production. SCFAs provide a source of energy for
both (5) absorptive IECs and (6) immune cells. Able to traverse the intestinal epithelial
barrier, they facilitate the development of gut immune tolerance by inducing anti-
inflammatory responses in (7) FOXP3* Tregs; (8) T cells; (9) APCs in particular macrophages and
DCs; (10) B cells which are also stimulated by SCFAs to secrete antibodies; (11) neutrophils
whose recruitment from the periphery is likewise influenced by SCFAs (2).
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1.6 Potential links between immunesenescence, inflammageing and microbial dysbiosis

With the growing amount of research into the impact of ageing on the microbiome, immune
system and inflammation, evidence pointing towards possible associations between gut
dysbiosis, immunesenescence and inflammageing has emerged. The first evidence supporting
this hypothesis comes from a study in aged germ-free mice, that are protected from
microbiome dysbiosis and intestinal barrier dysfunction and also do not display features of
inflammaging and are protected from features of macrophage ageing (133, 138). Further
evidence of this causal relationship between microbial dysbiosis and immunesenescence in
humans comes from a recent study by the group reporting that a faecal microbiota transplant
(FMT) from a young donor, alongside restoring microbiome homeostasis and increasing faecal
levels of SCFAs, particularly butyrate, also possess anti-immunosenescent properties and
results in a decline in senescent T cell and an expansion of regulatory T and B cells in aged C.

difficile infection patients (173).

1.7 Preliminary data supporting this study

Advancing age is accompanied by an accumulation of senescent CD28Vv¢ CD57*¢ T cells,
displaying a state of replicative arrest (174). We hypothesized that age-associated
microbiome dysbiosis and the resulting loss of SCFAs contributed towards an aged T cell
phenotype. To test this hypothesis, Jessica Conway in the Duggal group collected paired stool
and blood samples from healthy young and aged participants (Figure 5A). Similar to previous
reports (123), we have observed a decline in stool SCFA levels of butyrate (p < 0.001), in aged
older adults (Figure 5B). Peripheral blood T cell subsets, particularly senescent CD28V¢CD57*¢
CD4 and CD8 T cell frequency were enumerated, and we have reported a negative association

with stool butyrate levels (Figure 5C, D).
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Figure 5. Stool butyrate levels correlate with peripheral accumulation of senescent T cells in older adults.

(A) Schematic study design. (B) Representative histograms show stool butyrate levels in healthy young individuals
(blue; n = 36) and healthy aged participants (n = 39) as measured by high-performance liquid chromatography.
Scatterplots show correlation between stool butyrate levels and senescent (C) CD4 T cell (D) CD8 T cell frequency in
the peripheral blood of healthy young individuals (blue; n = 36) and healthy aged participants (n = 39).
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1.8 Aims and hypothesis

Despite the data only being correlative, it brought to light butyrate as an attractive target with
potential senomorphic properties that needs to be tested. This project aims at dissecting the
exact mechanisms by which butyrate contributes towards slowing the development of
senescence features in aged T cells. If we dissect how and if butyrate modulates senescence
in T cells this may help develop novel therapies to boost immune health in older adults to

promote healthy ageing.

This hypothesis will be tested via five key objectives:

1. To establish an in-vitro model for proliferation-induced senescence in T cells

2. Toinvestigate the anti-SASP properties of butyrate on aged T cells

3. Toinvestigate the protective effect of butyrate on T cells by reducing development of
a senescent phenotype

4. To determine the mechanisms underlying senomorphic properties of butyrate on T
cell subsets

5. To investigate the impact of faecal metabolites derived from young mice on

senescence within the aged murine spleen
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2.0 Materials and Methods

2.1 Materials

2.1.1 Reagents and chemicals

Complete RPMI media: RPMI1640 medium (Sigma-Aldrich, UK) supplemented with 10%
Heat inactivated faecal calf serum and 100U/ml penicillin, 100ug/ml streptomycin and
2mM glutamine (Sigma-Aldrich, UK)

Ficoll-Paque™ Plus (GE Healthcare, USA)

autoMACS® Running buffer: 0.5% (w/v) bovine serum albumi (BSA), 2mM
ethylenediaminetetraacetic acid (EDTA), phosphate-buffered saline (PBS), 0.09% (v/v)
azide (Miltenyi Biotec, Germany)

Phosphate buffer saline (PBS): one PBS tablet (Sigma-Aldrich, UK) dissolved in 500mi
deionised water (ddH,0)

Sodium butyrate (Sigma-Aldrich, UK)

Freezing medium: 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, UK) in heat-inactivated
FCS (HiFCS; Gibco®, Invitrogen, UK)

Foxp3 Transcription factor staining kit: fixation/permeabilization concentrate,
fixation/perm diluent, permeabilization buffer (eBioscience™, Thermo Fischer, UK)
Phorbol myristate acetate (PMA; Sigma-Aldrich, UK)

lonomycin from Streptomyces conglobatus (Sigma-Aldrich, UK)

Anti-CD3 monoclonal antibody (mAb; Thermo Fischer, UK)

4% paraformaldehyde (Thermo Fischer, UK)

100% methanol (VWR Chemicals, USA)

MitoTracker™ Red/MitoTracker™ Green/MitoSOX™ Red dyes (Thermo Fischer, UK)
EasySep™ Human T cell isolation kit (Stemcell™ Technologies)

Human IL-6/IL-8 (CXCL8)/IL-1B/CCL3 (MIP-1 o) DuoSet ELISA kits (R&D Systems, USA)
ELISA wash buffer: 0.05% Tween® 20 (Sigma-Aldrich, UK) in PBS

Stop solution for ELISAs: sulfuric acid (H2S04)
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RNeasy® Mini RNA isolation kit (Qiagen, Germany)
nCounter® Master Kit, Prep Plates and Cartridges (NanoString Technologies)

Guava® Autophagy LC3 antibody-based assay kit (Luminex, USA)
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Antibody Clone Isotype Dilution Source
Cell surface markers
Anti-human CD3 PEcy7 UCHT1 Mouse 1:50 Thermo Fischer, UK
lgGlx
Anti-human CD4 BV421 RPA-T4 Mouse 1:50 BD Biosciences, USA
lgGlk
Anti-human CD8 PE MEM-31 Mouse IgG2a 1:50 ImmunoTools, Germany
Anti-human CD45RA APC HI1100 Mouse 1.5:50 BioLegend, USA
IgG2bk
Anti-human CD45RA HI1100 Mouse 1.5:50 BioLegend, USA
PerCPcy5.5 1gG2bx
Anti-human CD45RA PEcy5 HI1100 Mouse 1.5:50 BioLegend, USA
lgG2bk
Anti-human CCR7 FITC 150503 Mouse IgG2a 1:25 R&D Systems, USA
Anti-human CCR7 APC REA546 Recombinant 1:25 Miltenyi Biotec, Germany
human IgG1
Anti-human GPR109A APC 245106 Rat 1gG2b 1:50 R&D Systems, USA
Anti-human GPR43/FFAR2 1000624 Mouse IgG2b 1:50 R&D Systems, USA
APC
Anti-human CD57 PerCPcy5.5 QA17A04 Mouse 1:50 BioLegend, USA
lgGlx
Transcription factors
Anti-human Foxp3 PE PCH101 Rat IgG2ax 1:25 eBioscience, UK
Anti-human p-p53 APC 184727 Mouse 1gG2b 1:25 R&D Systems, USA
Anti-human NFkB PE B33B4WP Mouse 1:25 eBioscience, UK
IgG2axk
Other intracellular markers
Anti-human H2AX PE CR55T33 Mouse 1:25 Thermo Fischer, UK
IgGlk
Anti-human Phospho S6 PE cupk43k Mouse 1:25 Thermo Fischer, UK
IgGlk
Anti-human Ki-67 PE Ki-67 Mouse 1:25 BioLegend, UK
lgGlx
Anti-human p38 MAPK PE 36/p38 Mouse 1:25 BD Biosciences, USA
(pT180/pY182) lgGlk
Isotype controls Clone Dilution Source
Mouse IgG1lk PEcy7 MOPC-21 1:50 BiolLegend, UK
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Mouse IgGlk BV421 X40 (RUO) 1:50 BD Biosciences, UK
Mouse IgG1k PerCPcy5.5 MOPC-21 1:50 BioLegend, UK
Mouse IgG1lk PE MOPC-21 1:25 BioLegend, UK
Mouse IgG2a PE FAB3744P 1:50 R&D Systems, UK
Mouse IgG2bk APC 27-35 1.5:50 BioLegend, UK
Mouse IgG2bk PEcy5 MPC-11 1.5:50 BioLegend, UK
Mouse IgG2a FITC 20102 1:25 R&D Systems, UK
Rat 1gG2b APC 141945 1:50 R&D Systems, UK
Mouse IgG2b APC 133303 1:50 R&D Systems, UK
Rat IgG2ax PE eBR2a 1:25 eBioscience, UK
Mouse IgG2ax PE eBM2a 1:25 eBioscience, UK

Table 1. Anti-human antibodies and isotype controls used for cell surface and intracellular immunofluorescent

staining.
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2.2 Methods

2.2.1 Study design and blood letting

In total, 10 healthy young (20-35 years, mean age 28 years) and 7 healthy old (63-75 years,
mean age 72 years) participants were recruited for this study. All participants were bled in
the morning between (9 — 11 am) under sterile conditions by a qualified healthcare
professional using a standard venepuncture technique. Three green heparin vacutainers (18
ml) of blood was collected for the experiments done on PBMCs and Eight vacutainers (48 ml)
was collected for T cell isolation experiments. All participants were healthy and did not suffer
from any chronicimmune related diseases (e.g. autoimmune disorders) or on any medications
that impact the immune system and one of the patients had an infection at the time of blood
sampling. The study was approved by the HRA and Health and Care Research Wales (HRCW)

Approval (IRAS 301974) and all participants provided written informed consent).

2.2.2 Stool sample preparation and LC-MS analysis

To each stool sample (1 gm) a few (5-10) ceramic microbeads were added, and the vial was
shaken at 2500 rpm for 10 minutes. Samples were then centrifuged at 13,000 rpm for 10
minutes and collected supernatant was passed through a Whatman Uniprep filter vial (0.45p).
Samples were analysed by LC-MS using Waters Acquity UPLC coupled to a Waters TQS-u mass
spectrometer operated in positive multiple reaction mode (MRM). Samples were quantified
to a limit of quantification of 25 pg/ml in the final solution alongside butyric acid standards
(50 — 1000 pg/ml). For quantification, D2-propionic acid was used as internal standard for
butyrate. The mass spectrometer was operated in negative electrospray selected ion
monitoring mode for parent ion (89.12), fragment ion (43), cone voltage (20), collision energy

(10).

2.2.3 PBMC isolation

PBMCs from venous blood samples were isolated utilising Ficoll-Paque density gradient
centrifugation. Whole blood was diluted with complete RPMI-1640 medium supplemented
with 10% HiFCS and GPS at a 1:1 ratio. In order to create a Ficoll-Paque density gradient, 10-

15 ml of blood was carefully layered onto 6 ml of Ficoll-Paque™ Plus. The blood gradients
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were centrifuged at 420 x g for 30 minutes at room temperature (22 °C) with no break. Post
centrifugation, PBMCs residing at the plasma-Ficoll-Paque interface were transferred to 25
ml universals (Stardsted, UK) containing 5 ml of autoMACS® Running buffer. Washing steps
with autoMACS® Running buffer were carried out twice at 300 x g for 10 minutes at room
temperature. Post-wash, supernatants were discarded and the cell pellets re-suspended in 10
ml of autoMACS® Running buffer. Using a haemocytometer, PBMCs were counted and

suspended in complete pre-warmed RPMI-1640 at a concentration of 1 million cells / ml.

2.2.4 In vitro culture model for induction of replicative senescence in PBMCs

Prior to cell culture, a sterile 96-well U bottom plate (Corning™ Costar™, USA) was incubated
for 1 hour with a 2ug/ml solution of anti-CD3 mAb (Thermo Fisher, UK) was prepared, 50ul of
this solution was added into each well of a 96 well round bottom microtitre plates 37 °C. Post
incubation, freshly isolated PBMCs were then plated at 150 ul per well, in the presence of
butyrate (ImM) or in the absence of the SCFA (control). The 96-well U bottom plate was then
incubated at 37 °C for 72 hr in a humidified atmosphere of 5% CO,. Post culturing, the PBMCs
were transferred to Eppendorfs which were then spun in the mini centrifuge at 3000 rpm for
3 minutes at room temperature. Supernatants from the pelleted cells were removed and
stored in separate labelled Eppendorfs at -80 °C for future use. Following this, cell pellets

were re-suspended in 50 pl of PBS ready for antibody staining.

2.2.5 Cell surface immunostaining for T cell phenotyping via multi-colour flow cytometry

Isolated PBMCs re-suspended in 50 pl of non-sterile PBS were transferred to 5ml
polypropylene round-bottom tubes (BD Falcon™) and stained with a combination of
antibodies: PEcyanine7-conjugated anti-human CD3 antibody, Brilliant Violet™ 421-
conjugated anti-human CD4 antibody, PEcyanine 5.5/APC/PerCP-conjugated anti-human
CD45RA antibody and FITC/APC-conjugated anti-human CCR7 antibody for 20 minutes on ice
in the dark. Post incubation, cells were washed with 500 ul of non-sterile PBS and centrifuged
at 250 x g for 5 minutes at 4 °C. Following this, supernatants were discarded and PBMCs were
re-suspended in 300 pl of non-sterile PBS for flow cytometric analysis on a MACSQuant flow
cytometer (Miltenyi Biotech, Germany). To ascertain lymphocyte numbers, lymphocytes were

gated depending on forward scatter (FSC) / side scatter (SSC) characteristics and subsequently
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the 10,000 CD3* population of lymphocytes was gated on. From these, the CD4* and CD4"
populations were identified which were then further classified based on CD45RA and CCR7
expression into four subsets: naive (CD45RA*CCR7%), central memory (CM: CD45RACCR7%),
effector memory (EM: CD45RACCR7°) and the terminally differentiated effector memory cells
re-expressing CD45RA (EMRA: CD45RA*CCR7) (Figure 6A-D). The frequencies of these four
subsets withing the T cell pool were calculated. The gates for different populations were set
using appropriate isotype controls. Multicolour immunostaining compensation was
performed to ensure that the spectral emission of different fluorochrome conjugated-
antibodies did not overlap by staining cells individually with each antibody. Flow cytometry

data was analysed using Flow Jo™ v10.8 software (BD Biosciences, USA).

2.2.6 Intracellular staining for transcription factors

Staining of intracellular markers and transcription factors was done using the FoxP3
transcription factor staining kit (eBioscience™, Thermo Fischer). Following cell surface
staining, cells were resuspended in 1 ml of fix medium (fixation/permeabilization concentrate
diluted 1:3 in fixation/perm diluent) and incubated for 30 minutes onice in the dark. Following
incubation, cells were washed with 500 pl of perm medium (permeabilization buffer diluted
1:10 with ddH,0) and centrifuged at 250 x g for 5 minutes at 4 °C. Post centrifugation, the
cells were resuspended in 50 pl of perm medium and stained intracellularly for transcription
factors and intracellular senescence markers for 30 minutes in the dark at room temperature
(Table 1). Following this, cells were washed with 500 pl of perm medium and centrifuged at
250 x g for 5 minutes at 4 °C after which the supernatants were discarded, and the cells

resuspended in 300 pl of non-sterile PBS for flow cytometric analysis (Figure 6E).
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Figure 6. Gating strategy for phenotyping T cell subsets from PBMCs and the expression of intracellular
markers/transcription factors.

(A) Cells were gated on a FSC/SSC flow cytometry plot in order to evaluate the circulating lymphocyte pool composition.
(B) From these, the CD3* lymphocyte population was identified and gated on and subsequently, the lymphocytes were
categorised further into the (C) CD4* and CD4 T cell subpopulations. (D) Following this, CD4* and CD4 T cells were
analysed for CD45RA and CCR7 expression which allowed for the identification of 4 subsets: naive (CD45RA*CCR7*), CM
(CD45RACCR7%), EM (CD45RA-CCR7) and EMRA (CD45RA*CCR7"). (E) The frequency of T cell subsets expressing various
intracellular markers (e.g. H2AX) and transcription factors (see Table 1), and the expression levels of these markers was
quantified via intracellular staining.
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2.2.7 Stimulation and staining for p38 MAPK activation

PBMCs were stimulated with lonomycin (500ng/ml; Sigma Aldrich, UK) and phorbol myristate
acetate (PMA) (50 ng/ml; Sigma Aldrich, UK) for 30 minutes at 37°C. Post stimulation, PBMCs
were washed with 300 pul of non-sterile PBS and centrifuged at 250 x g for 5 minutes at 4°C.
Post centrifugation, cells were stained with a combination of anti-human CD3, CD4, CD45RA
and CCR7 cell surface antibodies for 20 minutes in the dark on ice. Post incubation, the PBMCs
were washed with 500 pl of PBS and spun at 250 x g for 5 minutes at 4°C. Cell supernatants
were discarded and the cell pellets were resuspended in 100 ul of 4% paraformaldehyde
(PFA), vortexed, and incubated for 30 minutes at room temperature in the dark. Post
incubation, 1 ml of ice-cold methanol (100%) was added to the cells which were then
incubated for 10 minutes on ice. Subsequently, cells were washed in 300 ul of non-sterile PBS
at 250 x g for 5 minutes at 4°C to remove the methanol, the supernatants were discarded,
and the washing step was repeated. Post second wash, supernatants were discarded, the
PBMCs were resuspended in 50 ul of non-sterile PBS, and then incubated for 30 minutes in
the dark at room temperature with anti-human p38 MAPK. Post incubation, cells were
washed in 300 pl of non-sterile PBS at 250 x g for 5 minutes at 4°C, after which the
supernatants were discarded and the cell pellets resuspended in 300 pl of non-sterile PBS for

flow cytometric analysis. The frequencies of p38*'¢ cells within T cell subsets were recorded.

2.2.8 MitoTracker™ and MitoSOX™ staining of PBMCs

Freshly isolated PBMCs were stained with either MitoTracker™ green/red or MitoSOX™ red
(Thermo Fisher) mitochondrial dyes for 30 minutes at 37°C. Post incubation, cells were
washed with 300 pl of non-sterile PBS at 250 x g for 5 minutes at 4°C and subsequently stained
with a combination of anti-human CD3, CD4, CD45RA and CCR7 cell surface antibodies for 20
minutes in the dark on ice. Following this, cells were washed again in 300 pl of non-sterile PBS
at 250 x g for 5 minutes at 4°C, the supernatants were discarded, and cells were then
resuspended in 300 ul of non-sterile PBS for flow cytometric and Image Stream analysis. The

MFI values within T cell subsets were recorded.
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2.2.9 Autophagy assay

Autophagy in cultured PBMCs was assessed using the Guava® Autophagy LC3 antibody-based
assay kit (Luminex). Following 3-day culture in the presence or absence (control) of butyrate
(section 2.2.4), PBMCs were stimulated with 10 pl diluted Autophagy Reagent A (1:50 in pre-
warmed complete RPMI medium) for 2 hours. Post stimulation, cells were washed with 300
pl of non-sterile PBS and centrifuged at 250 x g for 5 minutes at 4°C. PBMCs were then stained
with a combination of anti-human CD3, CD4, CD45RA and CCR7 cell surface antibodies for 20
minutes in the dark on ice. Post incubation, cells were washed in 100 pl 1X diluted Autophagy
Assay Buffer (5X Assay Buffer diluted 1:5 with ddH,0) and centrifuged at 300 x g for 5 minutes
at 4°C. Following this, PBMCs were resuspended in 100 pl of 1X diluted Autophagy Reagent B
(10X Reagent B diluted 1:10 with ddH,0) and centrifuged immediately at 300 x g for 5 minutes
at 4°C. Post spin, cells were resuspended in diluted anti-LC3 FITC antibody (20X anti-LC3
diluted 1:20 in 1X Assay Buffer) and incubated for 30 minutes on ice. Following incubation,
PBMCs were washed in 150 ul 1X Assay Buffer and centrifuged at 300 x g for 5 minutes at 4°C.
Finally, cells were resuspended in 300 pl of non-sterile PBS for flow cytometric analysis. The

frequencies of LC3*¢ cells within T cell subsets and LC3 expression were recorded.

2.2.10 Stimulation and staining for phosphorylated S6

PBMCs were stimulated with lonomycin (500ng/ml; Sigma Aldrich) and phorbol myristate
acetate (PMA) (50 ng/ml; Sigma Aldrich) for 30 minutes at 37°C. Post stimulation, PBMCs were
washed with 300 pl of non-sterile PBS and centrifuged at 250 x g for 5 minutes at 4°C. Post
centrifugation, cells were stained with a combination of anti-human CD3, CD4, CD45RA and
CCR7 cell surface antibodies for 20 minutes in the dark on ice. Post incubation, the PBMCs
were washed with 500 pl of PBS and spun at 250 x g for 5 minutes at 4°C. Cell supernatants
were discarded and the cell pellets were resuspended in 1 ml of fix medium
(fixation/permeabilization concentrate diluted 1:3 in fixation/perm diluent) and incubated for
30 minutes on ice in the dark. Following incubation, cells were washed with 500 pl of perm
medium (permeabilization buffer diluted 1:10 with ddH,0) and centrifuged at 250 x g for 5
minutes at 4 °C. Post centrifugation, the cells were resuspended in 50 pul of perm medium and
then incubated for 30 minutes in the dark at room temperature with anti-human phospho S6.

Post incubation, cells were washed in 300 pl of non-sterile PBS for 250 x g for 5 minutes at
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4°C, after which the supernatants were discarded and the cell pellets resuspended in 300 pl
of non-sterile PBS for flow cytometric analysis. The frequencies of phospho S6*¥¢ cells within

T cell subsets and phospho S6 expression were recorded.

2.2.11 ImageStream analysis

Post-culture, the fluorescence of single-colour stained PBMCs was initially measured (to
optimize the laser strength) followed by experimental samples which were run on the
calibrated ImageStream 1S100 (Amnis) for simultaneous acquisition of bright field and scatter.
Six fluorescent images were collected for each cell and the data files were stored as .rif files
followed by analysis using IDEAS 4.0.735 software. The doublets and debris were gated out
using bright field area vs. aspect ratio feature and in-focus single cells and to locate the

distribution of signals within cells.

2.2.12 ELISA on cell culture supernatants

IL-6, IL-8 (CXCLS), IL-13 and CCL3 (MIP-1a) concentrations were measured in supernatants
collected from cell cultures using commercially available kits from R&D Systems® DuoSet
human ELISA kits as per manufacturer’s instructions. To summarise, cell culture supernatant
samples were diluted 1:50 (IL-6, IL-1[3), 1:100 (CCL3) or 1:200 (IL-8) in reagent diluent (0.2 um
filtered, 1% BSA in PBS) and added to the wells of a pre-coated and blocked 96-well
microplate. Following incubation for 2 hours at room temperature, wells were aspirated and
washed 3X with wash buffer (0.05% Tween® 20 in PBS), after which 100 pl of the detection
antibody (diluted with reagent diluent to working concentration from stock) was added to
each well. Post 2 hours incubation at room temperature, wells were aspirated and washed
again 3X in wash buffer before incubation with 100 pl of streptavidin-HRP (diluted 40-fold
with reagent diluent to working concentration) for 20 minutes at room temperature in the
dark. Post incubation, wells were aspirated and washed 3 times in 200 pul wash buffer prior to
being incubated in 100 ul of tetramethylbenzidine (TMB) substrate solution for 20 minutes at
room temperature in the dark. Once incubated, 50 ul of stop solution was distributed into the
wells and the optical density was determined on a spectrophotometer with a primary

wavelength of 450 nm and a wavelength correction set to 540 nm, using Gen5 software.
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Cytokine concentrations were determined via standard curve created from values acquired

from standards of known cytokine concentrations generated on Prism® v7 (GraphPad).

2.2.13 T cell isolations from PBMCs

Following on from the PBMC isolation (section 2.2.3) and the plating of cells (section 2.2.4),
the remaining PBMCs were centrifuged at 300 x g for 10 minutes at room temperature,
counted on the Sysmex XN-1000 and made up to 5 x 10’ / ml in PBS with 2% FBS (Sigma-
Aldrich, UK) and 1mM EDTA. The cell suspension was then transferred to a 5ml polypropylene
round-bottom tube and 50 pl isolation cocktail/ml of sample was added to the PBMCs and
gently pipetted up and down to mix. The tube was then incubated for 5 minutes at room
temperature. Post incubation, the RapidSpheres™ were vortexed for 30 seconds and 40 pl
RapidSpheres™/ml of sample was added to the tube, pipetting up and down to mix. Following
this, the tube was placed in an EasyEights™ 5 ml tube magnet and incubated for 5 minutes at
room temperature. Once incubated, the enriched cell suspension was transferred into a new
5 ml tube which was then placed in the magnet and incubated at room temperature for 5
minutes. The isolated T cells were pipetted into a new 5 ml tube, counted and resuspended
in complete pre-warmed RPMI-1640 at a concentration of 1 million cells / ml. Following this,
150 pl of the isolated T cell suspension was plated per well in an anti-CD3 mAb coated 96-well
U bottom plate and butyrate (1mM) was added to the appropriate wells. The plate was then
incubated at 37 °C for 72 hr in a humidified atmosphere of 5% CO,. Post-culturing, the T cells
were transferred to labelled Eppendorfs and spun in the mini centrifuge at 3000 rpm for 3
minutes at room temperature. Supernatants from the pelleted cells were removed and stored
in separate labelled Eppendorfs at -80 °C for future use whilst the cell pellets were
resuspended in a freezing medium and stored in labelled cryovials at -80 °C prior to RNA

isolations.

2.2.14 RNA isolations from T cells

RNA was isolated from frozen T cells, using the RNeasy® Mini Kit (Qiagen, Germany), that
were thawed in a water bath and washed. Briefly, cryovials were thawed on ice, resuspended
dropwise in 10 ml of ice-cold sterile PBS and centrifuged at 300 x g for 10 minutes at room

temperature. Cells were then resuspended in 1 ml of ice-cold sterile PBS, transferred to a 1.5
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ml RNase-free Eppendorf and centrifuged at 3000 rpm for 3 minutes using a mini centrifuge.
Following this, 350 pl of RLT buffer with B-mercaptoethanol (10 ul B-ME per 1 ml of RLT
buffer) was used to resuspend the cells, which were then incubated at room temperature for
10 minutes. Post incubation, 350 pl of 70% ethanol was added to the cells and the Eppendorf
was vortexed for 30 seconds before 700 pl of the cell suspension was added to a RNeasy®
mini column which was spun for 15 seconds at 8000 x g, discarding the flow-through after
each spin. Post centrifugation, 350 pl of buffer RW1 was added to the RNeasy® column and
the cells were centrifuged for 15 seconds at 8000 x g. Afterwards, 80 ul of DNase | mix (10 pl
DNase | stock solution in 70 pl of RDD buffer) was added directly to the RNeasy® column
membrane. Following a 15-minute incubation at room temperature, 350 pl of buffer RW1 was
added and the column spun for 15 seconds at 8000 x g. Subsequently, cells were spun with
500 ul of buffer RPE for 15 seconds at 8000 x g after which the flow-through was discarded
and another 500 pl of buffer RPE was added to the RNeasy® column which was spun for 2
minutes at 8000 x g. The RNeasy® column was then placed in a new 2 ml collection tube and
centrifuged at full speed for 1 minute to dry the column membrane. Post centrifugation, 12
ul of RNase-free water was added directly to the column membrane and left to rest for 5
minutes at room temperature before centrifuging for 3 minutes at 8000 x g. Isolated RNA
concentrations and purity values (A260/A280 and A260/A230) were determined via

NanoDrop™ (Thermo Fisher).

2.2.15 NanoString nCounter gene expression analysis

Isolated RNA was thawed on ice and diluted with RNase-free water to 100 ng / pl. The thermal
cycler was preheated to 65°C and the lid to 70°C, during which time the nCounter® Reporter
CodeSet and Capture ProbeSet tubes were thawed at room temperature in the dark. The
hybridization master mix was prepared by pipetting 70 pl of the hybridization buffer into the
Reporter CodeSet tube and repeatedly inverting the tube to mix. Next, 8 ul of the
hybridization master mix was added to each tube of the 12-well notched strip tubes followed
by 5 ul of diluted sample RNA. The Capture ProbeSet tube was mixed by inverting and 2 pl
was added to each tube which was then flicked to ensure complete mixing and spun briefly
before being placed in the preheated 65 °C thermal cycler and incubated for 16 hours.

Hybridized RNA samples were then purified using the nCounter® Prep Station. Prior to

38



purification, nCounter® Prep Plates and Cartridge were thawed at room temperature for 20-
30 minutes. Once thawed, the Prep Plates were spun at 2000 x g for 2 minutes at room
temperature, the lids removed, and loaded on to the Prep Station. Following this, the tips and
foil piercers, tip sheaths, Cartridge and empty 12-well notched stip tubes were all loaded on
to the Prep Station. Finally, the hybridized sample RNA was removed from the thermal cycler
and loaded on to the Prep Station which was then run on high sensitivity (3 hours 5 minutes).
Post run, the nCounter® Cartridge was removed and sealed immediately with an adhesive
cover in preparation for analysis on the nCounter® Digital Analyzer. Gene counts/expression

was analysed using the nSolver™ v4.0 analysis software (NanoString® Technologies).

2.2.16 Sectioning of murine spleen tissue samples

In brief, at the University of East Anglia (UEA) Disease Modelling Unit Facility, groups of six
young (6 months) and aged (24 months) male C57BL/6J mice were housed in ventilated cages.
Mice were maintained under a 12-hour light:12-hour dark cycle and fed a standard chow diet.
At baseline, stool pellets were collected from young mice. Following this, to diminish the
existing gut microbiome, mice received a 3-day broad-spectrum antibiotic treatment. Post-
antibiotic treatment, aged mice received oral gavage of young faecal supernatant (from
heterochronic young donor pool) at two separate time points, 72 hours apart. Young and aged
control mice received PBS gavage at these time points. At the end of the experiment, spleen
samples were obtained to determine the impact of the young gut microbiome and its
components on the aged spleen. All experiments involving mice were given approval from the
UEA Animal Welfare and Ethical Review Body. Upon receiving the samples, the spleen tissues
were immediately stored at -80°C. In preparation for sectioning, the spleen samples were
thawed and placed into a Tissue-Tek® Cryomold® (Sakura Finetek) on a layer of Tissue-Tek®
optimal cutting temperature (OCT) compound (Sakura Finetek). The remainder of the
cryomold was filled with OCT compound and placed on dry ice until solid. Cryomolds
containing one spleen in OCT per mould were stored at -80°C until sectioning. The frozen
tissue sample was placed directly into the cryochamber of the Leica CM1950 cryostat and left
for 30 minutes to equilibrate. Following this, the frozen tissue sample was removed from the
cryomold and secured on to a pre-cooled specimen disk which was then placed in the freeze

shelf of the cryochamber and left for 10 minutes to allow for additional cooling. Post cooling,
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the disk was inserted into the specimen head and the tissue orientated perpendicular to the
blade. The initial surface of OCT was trimmed away at a setting of 6 um which was then
increased to 10 um. Tissue sections were cut randomly throughout the sample at a thickness
of 7 um in the cryostat at -20°C and transferred to a labelled pre-cooled positively charged
microscope slide (Leica Biosystems). Three sections were placed per slide with a total of 4
slides per tissue sample. Once sectioned, the remaining tissue sample was placed back in the
original cryomold, covered with a layer of OCT compound and stored at -80°C. The microscope
slides were left to air dry overnight at room temperature and wrapped in foil the following

day then stored at -80°C in a labelled microscope box.

2.2.17 Lamin B1 and DAPI staining of spleen sections

The microscope slide containing tissue sections was thawed at room temperature for 30
minutes. Tissue was fixed in ice-cold neat acetone for 10 minutes at -20°C and then washed
twice with non-sterile PBS in a staining jar for 4 minutes. The lamin B1 monoclonal rabbit
antibody (Abcam, UK) was diluted 1:1000 with 10% normal goat serum (NGS) and 0.2% triton
(Sigma-Aldrich, UK) in non-sterile PBS. Post washes, the microscope slide was removed from
the staining jar and dried on a paper towel and using a hydrophobic barrier PAP pen (Cosmo
Bio Ltd, UK), a circle was drawn around the tissue sample. Following this, the slide was
incubated with 150 ul of the primary antibody mixture overnight at 4°Cin a humidity chamber
in the dark. The next day, the microscope slide was washed three times with non-sterile PBS
in a staining jar for 4 minutes. The anti-rabbit alexa-fluor 555 secondary antibody (Cell
Signalling Technology, USA) was diluted 1:300 with 0.2% triton in non-sterile PBS. Post wash,
150 ul of secondary antibody mixture was pipetted onto the tissue which was then incubated
for 1 hour in the dark at room temperature. Post incubation, the slide was washed three times
with non-sterile PBS for 3 minutes. The DAPI stain was diluted 1:1000 with non-sterile PBS
and post-wash, 150 ul of diluted DAPI was pipetted onto the tissue. The slide was then
incubated for 10 minutes in the dark at room temperature. Following this, the slide was
washed twice with non-sterile PBS for 3 minutes and then dried. One drop of ImmunoSelect®
antifading mounting medium (Dianova, Germany) was placed onto each tissue sample and a

coverslip was carefully applied on top. Clear nail varnish was spread around the edges of the
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coverslip and then left to air dry prior to fluorescent imaging on the Olympus IX71 fluorescent

microscope.

2.2.18 Statistical analysis

Statistical analysis was achieved using GraphPad Prism® software. For normally distributed
data, a paired student t-test, or a one-way ANOVA with Bonferroni multiple comparison post

hoc tests were performed where appropriate. Statistical significance was accepted at P <0.05.
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3.0 Results

3.1 Setting up an in vitro model of proliferation-induced T cell senescence

Replicative senescence induction was originally recognized as a method for establishing a
cellular model of senescence (175) and thus to evaluate the contribution of butyrate in
controlling the development of T cell senescence we took advantage of a cellular model of
proliferation-induced senescence in which, we cultured PBMCs in CD3-coated wells for 3 days
and have confirmed that continuous proliferation (Figure 7A; upregulation of Ki-67, a cellular
marker for proliferation) can induce DNA DSBs by inhibiting the activity of DNA topoisomerase
lI-induced robust phosphorylation of histone H2AX at serine 139, indicated by the appearance
of DNA-damage foci and confirmed by increased expression of a marker of DNA damage (y-
H2AX) (Figure 7B), which activates p53 to elicit cell-cycle arrest and induce senescence (Figure
7C) (176, 177). Furthermore, we have also confirmed an upregulation in the SASP phenotype,

pro-inflammatory cytokines (IL-6) in cell culture-supernatant 72hr post-culture (Figure 7D).

3.2 Senomorphic properties of butyrate: dampening of senescence-associated secretory

phenotype in aged T cells

After validating the in vitro model of proliferation-induced T cell senescence, we sought to
determine the optimal concentration of butyrate to add to the 3 day PBMC culture. Following
incubation for 3 days, we observed a dose-dependent effect of butyrate on IL-6 levels present
in cell culture supernatants and, compared with untreated control cells, we observed a
significant decline in the levels of the SASP component IL-6 in supernatants in CD3-treated
cells incubated with butyrate at 1mM concentration (p = 0.002) (Figure 8A). We therefore
cultured T cells for 3 days in CD3-coated wells with or without 1mM of butyrate followed by
collection of supernatants, RNA isolations and evaluation of senescence markers via flow
cytometry (Figure 8B). Importantly, we have observed a significant reduction in the secretion

of pro-inflammatory
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Figure 7. A cellular model of proliferation-induced T cell senescence.

In-vitro culture of PBMCs in CD3-coated wells for 3 days representative flow cytometry images for (A) proliferation marker
Ki67 (B) DNA damage (H2AX) marker (C) replicative arrest mediated by upregulation of tumour-suppressor pathway p53.
(D) Senescent cells secrete products (SASP) that are important contributors to aging and an upregulation of SASP factor
IL-6 has been observed in cell-culture supernatant at day3 indicative of three independent experiments. Statistical
analysis was performed by two-tailed paired Student’s t-test. Data are shown as the mean + SD ***p < 0.001
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SASP features, including IL-6, p = 0.003 (Figure 8C), IL-8, p = 0.008 (Figure 8D), IL-1B p = 0.04
(Figure 8E) by aged PBMCs cultured in the presence of SCFA butyrate. To confirm that the
sodium component of the sodium butyrate treatment was not contributing to the
senomorphic effects observed, we cultured aged cells for 3 days in CD3-coated wells
incubated with either 1mM sodium butyrate or ImM sodium bicarbonate and measured IL-6
production compared to that of untreated controls. Supernatant levels of IL-6 were
significantly decreased following butyrate treatment (p = 0.006) compared to control, whilst
sodium bicarbonate treatment did not affect IL-6 production with levels remaining similar to

those of the control (Figure 8F).

3.3 Regulation of senescence phenotype by butyrate in aged T cells

The process of cellular senescence induces a stable cell cycle arrest in response to
stresses/damage such as reactive oxygen species, and chromatin perturbation that induces
activation of stress pathways such as p53 in response to DNA damage (178). To determine
whether butyrate impacts the exhibition of a senescent phenotype in T cell subsets, we
compared the protein expression of p53 in naive (CD45RA*Y®¢ CCR7*'¢), central memory
(CD45RA™Y® CCR7*¢), effector memory (CD45RA™® CCR7'¢) and terminally differentiated
EMRA (CD45RA*® CCR7v¢) CD4 and CD8 T cell subsets. A significant decrease in the frequency
of phosphorylated p53 expressing EMRA CD4 T cells (p = 0.02) [Supplementary Figure 1A],
naive CD8 T cells (p = 0.01) and EMRA CD8 T cells (p = 0.03) (Figure 9A, B) has been observed
in butyrate-cultured PBMCs compared to untreated controls. Next, on investigating p53
expression levels a similar decline in EMRA CD4 T cells (p = 0.02), and Naive CD8 T cells (p =
0.004) cultured in the presence of butyrate [Supplementary Figure 1B and Figure 9C
respectively] Additionally, we examined expression of the DNA damage marker y-H2AX in the
4 subsets within aged CD4 and CD8 T cells. Naive CD4 (p = 0.03) and CD8 (p = 0.04) T cells
displayed a significant reduction in frequency of y-H2AX expression [Supplementary Figure 1C
and Figure 9D respectively]. The expression level of y-H2AX was significantly decreased in
both naive (p = 0.04) and EMRA (p = 0.04) CD8 T cells (Figure 9E) however no significant
changes were observed in the CD4 T cells [Supplementary Figure 1D]. The results seen in the

CD8T cells were also confirmed via ImageStream analysis (Figure 9F)
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Figure 10. Characterisation of the senomorphic properties of butyrate and attenuation of SASP phenotype.

(A) CD3 treated PBMC cells were incubated with different concentrations of butyrate (0.5-2 mM) for 72 hours. At the
end of treatment, IL6 concentration in cell-culture supernatant was measured by ELISA (n = 3). (B) Schematic of
experimental design indicating culturing of T cells in CD3 coated plates with SCFA butyrate for 72 hr (n = 6) and
collection of cell-culture supernatants for determining SASP features by ELISA and assessment of features of
senescence via flow cytometry. The secretion of (C) IL-6 (D) IL-8 (E) IL-1B from CD3 treated T cells in presence of
butyrate. (F) The secretion of IL-6 from CD3 treated T cells in the presence of butyrate or sodium bicarbonate compare
with untreated control. Data are mean + SEM of six independent experiments. Statistical analysis was performed by
two-tailed paired Student’s t-test *p <0.05, **p < 0.01.
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Figure 13. Characterisation of anti-senescence properties of butyrate.

(A) Representative flow cytometry showing gating strategy for T cell subsets based on phenotypic
expression of CD45RA/CCR7 staining. In-vitro culture of PBMCs in CD3-coated wells for 3 days in the
presence (blue)/absence of SCFA butyrate. On day 3 (B) frequency of phosphorylated p53 expressing CD8
T cell subsets, (C) p53 expression levels in CD8 T cell subsets, (D) frequency of y-H2AX expressing CD8 T
cell subsets and (E) y-H2AX expression levels (MFI) in CD8 T cell subsets were measured. Statistical analysis
was performed using a two-tailed paired Student’s t-test. The bar charts show expression data as the mean
+ SEM of six different experiments * p = 0.05 (F) Representative Image stream images of cells stained with
cell surface marker CD8, nuclear DAPI stain and DNA damage marker y-H2AX and merged image when
PBMCs were cultured in CD3-coated wells for 3 days in the presence/absence of SCFA butyrate.
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3.4 Impact of butyrate on nuclear translocation of phosphorylated nuclear factor kappa B
(NF-kB) in aged T cells

The nuclear translocation of NF-kB plays a central role in regulation of inflammatory
responses via induction of transcriptional regulation of the expression of pro-inflammatory
cytokine genes by binding to specific promoter elements (179). To elucidate the mechanisms
by which butyrate may influence the secretion of pro-inflammatory cytokines by T cells we
investigated its impact on NF-kB inhibition. A significant decrease in the frequency of
phosphorylated NF-kB expressing EM and EMRA CD4 T cells (p = 0.05 and p = 0.03
respectively) (Figure 10A) and EMRA CD8 T cells (p = 0.04) (Figure 10C) has been observed in
butyrate-cultured PBMCs compared to untreated controls. Next, on investigating NF-kB
expression levels a similar decline in EM and EMRA CD4 T cells (p = 0.01 and p = 0.02), and
Naive CD8 T cells (p = 0.02) cultured in the presence of butyrate was observed (Figure 10B
and D).

3.5 Investigating effect of butyrate on p38 signalling in aged T cells

Terminally differentiated human effector memory T cells that re-express CD45RA (EMRA) are
known to possess senescence features, such as SASP secretion that are maintained in part by
activation of p38MAPK signalling (180). We investigated whether inhibition of
phosphorylation status of p38 by butyrate was a potential mechanism underlying its
senomorphic properties, but did not detect any significant differences between frequency of
p-p38 expressing CD4 and CD8 T cells subsets in control vs butyrate (Figure 11A and C

respectively) or its expression levels (Figure 11B and D respectively).

47



= *
7 40- = 25000~ —
H =
é = 20000 T
— c 7
=% . * * - T
8 < *
- o 15000-
3 204 ™ hd ‘;:’
i T T
Q -9 (=] o}
Q o . o ot . E 10000
g 1012 , ~— 4 A s
: A o, _, o =™ 2 5000-
2 0 T T T T T T T T E 0 T T T T
N C N =
“a\ a\@eﬂ\o ‘“\eﬁ\o e‘b@h “a\\l " O W 6\00] e‘hﬁp‘
X X0 A\
GQ“\ “eG Ge““a 1630"0
D _
@ 304 * = 25000 _ *
0 S
2 »
E : ° 5 20000- '|' .l_
® 204 -
- L. 2 15000
2 N p
o 10 o A . . ‘% 10000
< 104 i
;_, ® — . ..._ : ... A g
B 3w 10wl T g
X L ] ;
™
= 0 T T T T T T T T = 0 T T T T
('™
- 4 .
“a\“ e“‘Oﬂ “\e“\od e@?y‘ ‘,\a\‘l . e«\oﬂ ‘“e«\od e‘]\?}’
> O -\
ce™™ ?'“ecv‘ ce™ ?3‘36‘0

Figure 16. Effect of butyrate on nuclear translocation of nuclear factor kappa B (NF-kB) in aged T cells.

In vitro culture of PBMCs in CD3-coated wells for 3 days in the presence (blue)/absence of SCFA butyrate for (A)
frequency of phosphorylated NF-kB expressing CD4 T cell subsets and (C) CD8 T cell subsets. NF-kB expression
levels in (B) CD4 and (D) CD8 T cell subsets. Statistical analysis was performed by a two-tailed paired Student’s t-
test. Data are shown as the mean + SD *p < 0.05.
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Figure 17. Effect of butyrate on phosphorylated p38 MAPK in aged T cells.

In vitro culture of PBMCs in CD3-coated wells for 3 days in the presence (blue)/absence of SCFA butyrate and
stimulation with PMA/ionomycin for (A) frequency of phosphorylated p38 MAPK expressing CD4 T cells subsets
and (C) CD8 T cell subsets. Phosphorylated p38 MAPK levels in (B) CD4 T cell subsets and (D) CD8 T cell subsets.
Statistical analysis was performed by a two-tailed paired Student’s t-test. Data are shown as the mean + SD.
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3.6 Mitochondrial mass and ROS production regulation by butyrate

With age, it is known that various moderators of cellular preservation decline and processes
involved in mitochondrial biogenesis are impaired (181). Increased mitochondrial mass is a
feature of senescent cells, with the accumulation of dysfunctional mitochondria contributing
to inflammageing and the exacerbation of the senescent phenotype (182, 183). We made use
of the mitochondria-specific MitoTracker™ green dye, which binds mitochondrial membranes
in a mitochondrial membrane potential (MMP) independent manner, to determine changes
in mitochondrial mass in young and aged T cells. We observed a significant decline in
MitoTracker™ green expression levels in aged EMRA CD4 T cells (p = 0.02) cultured with
butyrate (Figure 12B), as seen by a downward shift in MFI (Figure 12A), whilst no significant
difference in expression levels was seen in the aged CD8 T cells (Figure 12C). These results
were confirmed via ImageStream analysis (Figure 12E). Mitochondrial ageing is also
characterised by an increase in ROS production which we evaluated in aged T cells incubated
with butyrate using the MitoSOX™ Red mitochondrial superoxide indicator. In aged EMRA
CD8 T cells exposed to butyrate, we reported a significant decrease in MitoSOX™ expression

(p =0.001) (Figure 12D).

3.7 Evaluating the influence of butyrate on autophagy

One of the key hallmarks of senescence is the loss of effective proteostasis, resulting in
defective protein degradation and, crucially, impaired removal of dysfunctional cell

components via
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Figure 20. Effect of butyrate on mitochondrial mass and ROS production in T cells.

In vitro culture of PBMCs in CD3-coated wells for 3 days in the presence (blue)/absence of SCFA butyrate and
stimulation. (A) Representative histogram of the shift in MitoTracker™ green MFI between control (blue) and
butyrate (red). MitoTracker™ green expression levels in (B) aged CD4 T cell subsets and (C) aged CD8 T cell
subsets. (D) MitoSOX™ red expression levels in young CD4 T cell subsets. (E) Representative ImageStream images
of cells stained with cell surface marker CD3 and mitochondrial mass indicator MitoTracker™ green and
subsequent merged images. Statistical analysis was performed by a two-tailed paired Student’s t-test. Data are

shown as the mean + SD *p <0.05, **p < 0.01.
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autophagy (184, 185). During formation of the autophagosome, cytosolic microtubule
associated protein 1 light-chain 3 (LC3) is cleaved and sequestered to the autophagosome
membrane thus making it a useful marker of autophagosome number, and therefore
induction of autophagy (186). We sought to determine whether upregulation of autophagy
processes by butyrate was a possible underlying mechanism for its ability to regulate
mitochondrial mass, however there was no significant difference in the frequency of CD4 and
CD8 T cells subsets expressing LC3 in control vs butyrate (Figure 13A and C respectively) or in
LC3 expression levels (Figure 13B and D respectively). Additionally, gene expression analysis
found no alteration in Atg7 and Atg10 autophagy gene expression between control T cells and
those incubated with butyrate (Figure 13E). Regulation of autophagy occurs via the mTOR
signalling pathway, the activation of which inhibits autophagy in favour of cell growth through
anabolic metabolism (187). A crucial downstream effector of mTOR signalling, ribosomal
protein S6 kinase (S6K) activation leads to phosphorylation of the ribosomal protein S6
(phospho S6) which in turn promotes protein synthesis (188). We utilised phospho-S6 as a
readout of mTOR activity in order to establish any effect on the pathway by butyrate
stimulation. A significant decrease in phospho S6 expression was observed in naive CD4 T cells
(p =0.04) (Figure 14B) in control vs butyrate however, there were no significant changes seen
in the frequency of phospho S6 expressing CD4 or CD8 T cells (Figure 14A and C respectively)
or in the phospho S6 expression in CD8 T cells (Figure 14D).

3.8 Butyrate alters gene expression in aged T cells

Mechanistically, butyrate is known to act as a HDAC inhibitor, capable of regulating the
expression of genes involved in immune system pathways (189, 190, 191, 192). We analysed
the gene expression in aged T cells and found 34 genes where the expression was modified
following butyrate treatment (Figure 15). In total, 33 of these genes were downregulated

including those
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Figure 21. Effect of butyrate on autophagy in T cells.

In vitro culture of PBMCs in CD3-coated wells for 3 days in the presence/absence of SCFA butyrate and with/without
Autophagy Reagent A stimulation for (A) frequency of LC3 expressing young CD4 T cells subsets and (C) CD8 T cell subsets.
LC3 expression levels in (B) young CD4 T cell subsets and (D) CD8 T cell subsets. (E) Gene expression of the autophagy genes
Atg7 and Atg 10 in aged T cells following in vitro culture of isolated T cells in CD3-coated wells for 3 days in the presence
(blue)/absence of SCFA butyrate. Statistical analysis was performed by a two-tailed paired Student’s t-test. Data are shown
as the mean £ SD.
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Figure 24. Effect of butyrate on mTOR activity in T cells.

In vitro culture of PBMCs in CD3-coated wells for 3 days in the presence (blue)/absence of SCFA butyrate and with
PMA/lonomycin stimulation for (A) frequency of phosphorylated S6 expressing young CD4 T cells subsets and (C) CD8 T
cell subsets. Phosphorylated S6 expression levels in (B) young CD4 T cell subsets and (D) CD8 T cell subsets. Statistical
analysis was performed by a two-tailed paired Student’s t-test. Data are shown as the mean + SD *p <0.05
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associated with apoptosis such as BAX (p = 0.01) and RPS6 (p = 0.05), cell exhaustion genes
such as LAG3 (p = 0.02) and ZAP70 (p = 0.02), and cellular senescence associated such as
KLRG1 (p =0.05) and CDKN1A (p = 0.04). Only one gene was upregulated by butyrate, glucose-
6-phosphate isomerase (GPI) which encodes a protein involved in glycolysis and also acts

extracellularly as an autocrine motility factor (p = 0.03).

3.9 Anti-senescent properties of butyrate in vivo

With age, senescent cells display a loss of the nuclear structural protein lamin B1 leading to
destabilisation of the nuclear integrity (193, 194). Downregulation of lamin B1 leads to further
nuclear changes such as the emergence of cytoplasmic chromatin fragments (CCFs) that are
secreted extracellularly with the ability to stimulate DDR in other cells (195). We conducted
immunohistochemical staining for lamin B1 on murine spleen sections in order to elucidate
the effect of butyrate on cellular senescence, using lamin B1 expression as a biomarker of
senescent cells (196). Compared to young control mice, the aged control mice displayed a
distinct decrease in cells expressing lamin B1, the loss of which was recovered in the aged
mice supplemented with the faecal filtrate of young mice (Figure 16A). Quantification of lamin
B1 mean fluorescence intensity (MFI) confirmed these findings, with the lamin B1 MFI value
significantly reduced in aged controls compared with the young counterparts (p = 0.025). In
aged mice supplemented with faecal filtrate, expression of lamin B1 was restored to levels
seen in the young controls, indicated by the significant increase in MFI in the aged + faecal

filtrate group compared with aged controls (p = <0.001) (Figure 16B).
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Figure 27. Changes in gene expression in aged T cells cultured with butyrate.
Heatmap of the 34 differentially expressed genes from in vitro culture of aged T cells in CD3-coated wells
for 3 days in the presence/absence of SCFA butyrate.
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Figure 29. Immunostaining of murine spleen tissue for DAPI and Lamin B1.

(A) Representative fluorescence microscope images (40X) of splenic sections from young and aged control
mice, and aged mice that received supplementation with faecal filtrate from young mice, which were stained
for lamin B1 (red) and DAPI (blue) markers (young = 6 months, aged = 24 months). Scale bar = 10 um. (B)
Lamin B1 mean fluorescence intensity (MFI) values were quantified from 40x images and groups were
compared using a two-tailed paired Student’s t-test. Data are shown as the mean + SD *p <0.05, ***p <0.001
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4.0 Discussion

Older adults possess a diminished ability to combat antigenic challenges due to defective
immune responses, known as immunesenescence (197). Recent studies have highlighted the
capacity for immunomodulation by the SCFA butyrate via direct interaction with GPR41,
GPR43 and GPR109A receptors on the surface of both innate and adaptive immune cells (198,
199). Differentiation in the presence of butyrate produces macrophages with preserved
enhanced antimicrobial functioning in vitro in comparison to control macrophages (190). The
authors also observed these effects in vivo, with oral butyrate supplementation boosting the
bacterial killing ability of murine colonic macrophages. Butyrate-stimulated DCs significantly
encourage the induction of IL-10-producing Tregs (Trl) with potent immunosuppressive
capacity (168, 200). Studies also demonstrate direct interactions between butyrate and T
cells, as enhanced cytotoxic capability of CD8* T cells alongside the increased establishment
of CD8* T cell memory in the presence of butyrate (166, 201). Given the established ability of
butyrate to modulate T cell phenotype and functioning, the aim of this thesis was to
investigate immunomodulation by butyrate in the context of T cell senescence, examining the
potential anti-senescence features of butyrate via its regulation of DNA damage, SASP, gene

expression and mitochondrial activity in aged T cells.

4.1 Senomorphic and anti-senescence properties of butyrate

Having identified cellular senescence as a key driver of the ageing process, it has become a
major target for deferring organismal ageing and the onset of ARDs (202). Approaches so far
have primarily focused on molecules capable of inducing senescent cell death (senolytics), or
those which prevent the development of the senescent phenotype (senostatics). We
examined the ability of butyrate, as a senomorphic compound, in altering the phenotype of
senescent T cells to more closely resemble those of healthy young cells. Our results
demonstrated that stimulation with butyrate significantly decreased expression of the DNA

damage marker YH2AX in aged T cells, similar to results observed in senescent primary human
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umbilical vein endothelial cells (HUVECs) and senescent human aortic smooth muscle cells
(hASMCs) treated with the butyrate analogue B-hydroxybutyrate (3-HB) (203). Additionally,
we showed that in aged T cells, butyrate treatment led to reductions in phosphorylated p53
expression. Therefore, not only is butyrate capable of mitigating DNA damage, but also
possesses anti-senescent features by altering downstream signalling responses responsible
for cell cycle arrest. This contrasts with the study by Han et al. in which B-HB had no effect on
the phosphorylation of p53 in HUVECs or hASMCs however, differences in cell models could

potentially contribute to this discrepancy (203).

As previously mentioned, with age, one of the most notable phenotypic changes observed in
senescent cells is the emergence of SASP, promoting a pro-inflammatory microenvironment
capable of damaging neighbouring cells and organs (62, 64). We assessed whether incubation
with butyrate would have an anti-inflammatory effect on aged T cells by measuring secretion
of various inflammatory mediators. In agreement with earlier studies on lymphocytes (204)
and other immune cells (205, 206), our results demonstrate a significant decrease in the levels
of pro-inflammatory cytokines, such as IL-6 and IL-13, present in the supernatants of butyrate-
stimulated T cells. Similarly, Goldberg et al. noted that production of IL-1p by neutrophils from
elderly humans was inhibited by B-HB via prevention of NLRP3 inflammasome priming and
assembly (207). Butyrate also downregulated the NLRP3 inflammasome in macrophages
where the gene expression of both IL-13 and IL-6 was significantly reduced, indicating one
potential method through which butyrate exerts senomorphic activity by attenuating the

SASP phenotype (208).

Key regulators of the SASP, transcription factors NF-kB and p38 MAPK, are activated in
response to stress and damage signals in senescent T cells (209, 210). Coinciding with other
literature, we noted that butyrate downregulated the protein expression of NF-kB in T cells
isolated from elderly humans (208, 211, 212). The mammalian NF-kB family contains 5
subunits that regulate pro-inflammatory cytokine production via binding as either
homodimers or heterodimers to promoter regions of cytokine genes in the nucleus (213). The
most common dimer formed is the p50/p65 heterodimer, and studies suggest that regulation

of NFkB activity by butyrate occurs through its modulation of the heterodimer p50/p65
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subunits. Both Usami et al. and Jiang et al. observed reductions in p65 phosphorylation, and
thus its activation, in butyrate-treated PBMCs and macrophages respectively (208, 212).
Similarly, Aguilar et al. found that p65 concentration was lower in human endothelial cells
following incubation with butyrate (211). In addition to this, the authors assessed p50/p65
translocation to the nucleus from the cytoplasm and detected a reduction in nuclear p65 and
increase in cytoplasmic p50 in endothelial cells stimulated with butyrate. Higher levels of p50
in the cytoplasm is thought to facilitate formation of the p50/p50 homodimer, the activity of
which is inhibitory of NF-kB activation. Our gene expression analysis results revealed that
butyrate significantly downregulated the expression of NFKB2, the gene responsible for
encoding the NF-kB p52 subunit, demonstrating that butyrate is capable of regulating NF-xB
on both the gene and protein level. Post incubation with butyrate, our results show that
expression levels of p38 MAPK were unchanged in aged T cells. Currently there are no studies
reporting p38 MAPK inhibition by butyrate in immune cells or any other cell type, implying
that downregulation of p38 MAPK signalling is not an underlying mechanism of the anti-

inflammatory effects of butyrate.

Gene expression analysis from old T cells cultured in the presence of butyrate revealed a
downregulation in cyclin dependent kinase inhibitor 1a (CDKN1A (p21¢P¥/Wafl)) 3 controller
of cell cycle progression at the G1 phase that is shown to be induced in cellular senescence
(214). In aged T cells, butyrate stimulation also led to a reduction in gene expression of p53,
which closely regulates CDKN1A expression, thus providing further justification for the
inhibition of senescent markers by butyrate. Despite this, our results also showed that
butyrate caused a downregulation of the CCND3 gene, encoding for cyclin-D3 which functions
as a driver of cell cycle progression (215). This finding suggests that whilst butyrate is
senomorphic, it does not necessarily promote the proliferation of T cells. In support of
butyrate functioning as a senomorphic rather than a senolytic, the pro-apoptotic regulator
BAX was also downregulated in aged T cells treated with butyrate indicating that it does not
promote the apoptosis of senescent cells. Interestingly, the only gene we found to be
upregulated by butyrate was GPI, which encodes the enzyme glucose-6-phosphate isomerase
responsible for catalysing the conversion of glucose-6-phosphate to fructose-6-phsophate in
the second step of glycolysis (216). GPI downregulation has been linked to the induction of

cellular senescence in fibrosarcoma cells via activation of p21, implying that upregulation of
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this gene may be another mechanism through which butyrate exerts anti-senescent effects,

however direct connections cannot be made without further investigation.

Altogether, these findings suggest that butyrate possesses anti-inflammatory, senomorphic
properties and is capable of exerting anti-senescent effects through attenuation of DNA
damage and cell cycle arrest, alongside inhibiting activation of SASP regulators thus mitigating

pro-inflammatory cytokine secretion.

4.2 Impact of butyrate on mitochondrial mass and ROS generation in aged T cells

With age, mitochondrial function gradually declines as a result of mitochondrial DNA (mtDNA)
damage, impaired mitophagy processes leading to inefficient organelle turnover and overall
alterations in mitochondrial dynamics (197). Both CD4*and CD8* EMRA T cells produce more
mitochondrial ROS compared to the other less differentiated subsets. This is in part due to
EMRA T cells exhibiting various senescence attributes however, impairing mitochondrial
function accelerates senescence, as observed by increased p53 levels and decreased
population doublings in CD4* EMRAT cells following mitochondrial damage (183). We sought
to elucidate the effects of butyrate on the accumulation of dysfunctional mitochondria in
aged human T cells. Our results show that stimulation with butyrate could potentially
promote the clearance of damaged mitochondria due to a reduction in the mitochondrial
mass of old EMRA CD4 T cells. Despite these observations, we did not detect any significant
changes in the level of autophagy occurring in young T cells treated with butyrate compared
with control, suggesting that butyrate does not decrease mitochondrial mass via promotion
of autophagic processes. Instead, butyrate may exert its effects though the influence of
mitochondrial dynamics, comprising of fission and fusion machineries (217). Tailor et al.
reported a decline in the mitochondrial mass of colorectal cancer cells post incubation with
butyrate in addition to a reduction in the protein level of dynamin-related protein 1 (DRP1)
gene, a key regulator of mitochondrial fission (218). The authors proposed a mechanism

through which butyrate inhibits the formation of the cyclin B1-CDK1 complex, responsible for
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the activation of DRP1, and thus supresses DRP1 phosphorylation leading to mitochondrial

fusion.

4.3 In-vivo characterisation of anti-senescent properties of microbiome metabolites

We have demonstrated that butyrate is capable of modulating the senescent phenotype of
aged T cells in vitro therefore, given these findings, we next sought to identify whether these
anti-senescent effects occurred in vivo. With age, lamin B1 expression is reduced upon
induction of cellular senescence and triggers SASP via CCF formation (219, 220). We examined
the splenic lamin B1 expression in young control, old control, and old mice that received the
faecal filtrate from young mice, and found that mice given faecal filtrate, containing microbe-
derived metabolites, possessed greater levels of lamin B1 compared with old control
counterparts. Han et al. reported similar in vivo effects in response to upregulation of
circulating B-HB levels in mice induced by fasting, in which thoracic aorta tissue protein levels
of lamin B1 were significantly increased (203). The authors suggest that -HB promotes
cellular quiescence by upregulation of lamin B1, thus preventing senescence induced by
oxidative stress. Our results demonstrate the efficacy of supplementation with microbial
metabolites in reducing markers of senescence in vivo, providing interesting insight into the
potential of therapeutically utilising metabolites, in particular the SCFA butyrate, to delay the

onset of senescence and the senescence phenotype in the ageing population.

4.4. Study limitations

In accordance with other literature, and following preliminary experiments ascertaining the
dose effects of butyrate concentrations (see Figure 8A), a treatment of 1mM butyrate was
decided upon and used in all subsequent immune assays (190, 221, 222). Although present in
high concentrations within the colon (10 — 20mM), systemic butyrate levels are significantly
lower (1 — 15 uM) therefore, it must be considered that the 1mM concentration of butyrate
used far exceeds the physiological levels that PBMCs would be exposed to (223). Additionally,

cell viability was not measured in combination with the evaluation of IL-6, IL-8 and IL-1f
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supernatant levels following butyrate treatment. Consequently, the lack of normalisation of
cytokine and chemokine levels to cell densities means the observed decrease in levels of these
signalling molecules cannot reliably be attributed to the effects of butyrate, rather than cell
death. The absence of energy-matched controls in the experiments means we cannot say with
certainty that these senomorphic and anti-senescent affects are not owing to the presence of

other energy sources being utilised by the cells.

4.5 Future direction and impact on the life of older adults

Correlations between stool butyrate levels and accretion of senescent T cells in older adults
provided the basis for this study in which we demonstrated the anti-senescent effects of
microbial metabolites (butyrate) on aged humans and rodents both in vitro and in vivo
respectively. The proposed next step in continuing this work is to carry out a microbiome-
based intervention trial in elderly adults receiving sodium butyrate supplements and
analysing the differences in immunesenescence parameters between baseline and post-
intervention (Figure 8). Up until recently, human intervention studies based around SCFAs
were met with difficulty largely due to the issue of selectively controlling the production of
SCFAs in the human gut. Development of a novel method for delivering SCFAs directly to the
colon by utilising the polymer inulin as a metabolite transporter molecule has opened up the
possibility of targeted SCFA delivery in humans (224, 225). Supplementation with synthesised
inulin-propionate ester was shown to significantly decreased pro-inflammatory cytokine (IL-
8) levels in overweight adults along with a trend of increasing the proportion of Tregs within
the peripheral CD4* T cell pool (226). Given the ability of butyrate to modulate T cell
immunesenescence, applying these inulin esters to administer butyrate to the colon of

healthy old adults would be an ideal method to observe its senomorphic effects in humans.

Currently, healthspan and lifespan are not aligned due to the prevalence of age-associated
diseases that occur as a result of immunesenescence. Inflammageing is a consistent
underlying factor of these pathologies, implicated in not only their development, but also
exacerbation of the diseased state. Butyrate supplementation presents a conceivable

postbiotic therapy capable of improving immune function in the context of ageing via
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downregulation of senescence markers (227). A recent study demonstrated the beneficial use
of sodium butyrate as an add-on therapy for maintenance of remission in ulcerative colitis
patients, a disease characterised by inflammation and microbiome dysbiosis in the colon,
highlighting the clinical relevancy of butyrate treatment in inflammatory conditions (228). In
addition to the possibility of delaying the onset of ARDs via butyrate supplement as a means
of improving healthspan, correlations between dysbiosis and impaired vaccine responses in
the elderly have sparked interest in prebiotic and probiotic treatment prior to vaccination.
Thus far, there is conflicting evidence for whether prebiotics and probiotics provide beneficial
effects on vaccine responses in the elderly (229, 230, 231, 232). Despite this, there are no
existing intervention studies which examine the effects of postbiotics on vaccine efficacy in
the older population therefore, given the findings of this study and the advancements in SCFA

delivery, this may provide another avenue to decrease the healthspan-lifespan gap.

4.5 Conclusions

In summary, this study has shown that the metabolite sodium butyrate possesses anti-
senescent and senomorphic properties and is capable of downregulating various senescence
markers such as those involved in DNA damage and cell cycle arrest, inflammation,
mitochondrial ROS production and nuclear stability. Taken together, we propose that the
SCFA butyrate be utilised to dampen the emergence of the senescence phenotype in ageing
immune cells which in turn, could provide a novel strategy for combating unhealthy ageing

and increasing healthspan.
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Supplementary Figure 1. Regulation of senescence phenotype by butyrate in aged CD4 T cells.

In vitro culture of PBMCs in CD3-coated wells for 3 days in the presence/absence of SCFA butyrate for (A)
frequency of phosphorylated p53 expressing CD4 T cell subsets, (B) p53 expression levels in CD4 T cell subsets,
(C) frequency of yH2AX expressing CD4 T cell subsets and (D) y-H2AX expression levels (MFI) in CD4 T cell
subsets. Statistical analysis was performed by a two-tailed paired Student’s t-test. Data are shown as the mean
+SD *p <0.05.
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