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Abstract  

 

CD4+ and CD8+ T cells are crucial orchestrators and effectors in immune 

responses against diseases such as cancer and infections. T cell differentiation into 

distinct subsets allows for specialised responses and the formation of immunological 

memory. A multitude of factors influence T cell differentiation and functionality, 

including metabolite availability in the microenvironment. Microbiota-derived short 

chain fatty acids (SCFAs) are metabolites that can modulate cellular metabolism and 

epigenetic changes, and signal through the G protein-coupled receptors 41 and 43 

(GPR41 and GPR43). While SCFAs can promote CD4+ regulatory T cell 

differentiation, their effects on T helper 1 (Th1) cells and CD8+ T cells are not as well 

characterised. In this thesis, we investigated how SCFAs influence CD4+ and CD8+ T 

cell differentiation and functionality.  

 

To understand whether SCFA sensing contributes to CD8+ T cell priming, we 

measured the CD8+ T cell responses of GPR41/GPR43-deficient mice that had been 

infected with herpes simplex virus type 1. We demonstrated that GPR41 and GPR43 

were required for optimal memory precursor effector cell (MPEC) differentiation, 

TNF-α production, and viral control. Together, these findings showed that these 

receptors influence CD8+ T cell priming and anti-viral responses. Next, to explore how 

SCFAs affected CD4+ T cells, we exposed in vitro-activated CD4+ T cells to the SCFA 

butyrate. Butyrate enhanced the expression of Th1-associated effector molecules and 

the master transcription factor T-bet. However, the metabolic profile and killing 

capacity of butyrate-treated cells was distinct from classical Th1 cells. Importantly, 

butyrate enhanced direct killing of melanoma cells by CD4+ T cells, primarily through 

Fas ligand interactions. This indicated that butyrate induced the development of non-

classical Th1-like cells with proficient anti-tumour cytotoxicity. We therefore assessed 

if butyrate could alter the efficacy of CD4+ and CD8+ chimeric antigen receptor (CAR) 

T cells. CAR T cells cultured with butyrate displayed enhanced effector molecule 

expression and in vitro killing of tumour cells. Using an animal model of breast cancer, 

we revealed that butyrate-treated CAR T cell monotherapy was as effective as 

combination therapy consisting of CAR T cells and immune checkpoint blockade. 

Butyrate hence improved the anti-tumour function of CAR T cells. 



 XVI 

 

In summary, butyrate skewed CD4+ and CD8+ T cell differentiation in favour of 

highly functional cytotoxic Th1-like cells and MPECs respectively. These findings 

underline the importance of metabolite availability, such as butyrate, in the 

microenvironment for immune responses against cancer. A deeper understanding of 

how butyrate skews T cell stemness and effector function might provide novel targets 

for CAR T cell therapy.  
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Chapter 1 Introduction 

 

1.1 The immune system 

The immune system is a complex network of cells and organs that collaborate to 

defend the host against pathogens and maintain tissue homeostasis. The potentiation 

of appropriate responses hinge on the ability of the immune system to discriminate 

between self and non- or altered-self. This can include neoplastic cells and can range 

to exogenous threats posed by viruses or bacteria. These perturbations can trigger 

signalling cascades that culminate in specific immune responses. The responses aim 

to limit the immune threat, subsequently resolving the perturbation.  

 

The immune system can be categorised into innate and adaptive immunity. The 

innate immune system provides the first line of defence. It acts fast and typically 

responds non-specifically to evolutionarily conserved factors from pathogens called 

pathogen-associated molecular patterns (PAMPs) or damaged cells that release 

danger-associated molecular patterns (DAMPs). The innate immune system 

comprises of surface barriers, soluble mediators and immune cells, such as 

monocytes, macrophages, granulocytes, innate lymphoid cells, natural killer cells and 

dendritic cells. Professional antigen presenting cells (APCs), such as dendritic cells 

(DCs) and macrophages, are particularly proficient at phagocytosing and processing 

antigens from pathogens or tumour cells. Their capacity to present antigens bridges 

the innate and adaptive immune systems. 

 

Adaptive immunity consists of humoral immunity in the form of antibodies that 

are produced by B cells and cell-mediated immunity which is mediated by T cells. A 

distinguishing feature between the innate and adaptive immune systems is that the 

latter has evolved extraordinary diverse repertoires of highly specifc and unique 

antigen receptors. Another important characteristic of adaptive immunity is its 

generation of immunological memory that gives rise to faster and efficient responses 

when the same antigen is re-encountered. These sophisticated pathways are tightly 

regulated and tuned according to the immunological context. A myriad of genetic and 

environmental factors shape the immune system, further adding to the substantial 

diversity between individuals. Recently, there has been a growing appreciation of the 
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role of the gut microbiota and its derivatives in modulating responses of immune cells 

including T cells in both a localised and distant fashion [1-3]. 

 

1.2 T cells in health and disease 

T cells are critical players of the adaptive immune system that serve two broad 

purposes: firstly, they drive pro-inflammatory responses towards pathogens, tumours, 

and allergens. Secondly, they maintain self-tolerance and homeostasis by regulating 

these responses. The major T cell subsets are namely CD4+ and CD8+ T cells. Both 

subsets develop and mature in the thymus, where recombination of T cell receptor 

(TCR) gene segments results in the generation of up to 1018 unique TCRs, allowing 

for the specific recognition of millions of different antigen epitopes [4].  

 

1.2.1 T cell activation and subsets 

Upon egress from the thymus into the blood for continuous recirculation, naïve 

T cells pass through lymphoid organs where they survey the environment for their 

cognate antigen. Naïve T cells are maintained in a state of quiescence where 

homeostatic proliferation is tightly regulated to promote long-term survival [5]. This is 

key in the homeostatic maintenance of a large pool of naïve T cells, which is available 

to respond under the appropriate conditions to as many epitopes as possible. Effective 

T cell activation requires three signals provided by APCs. The TCR binds to its cognate 

antigen presented in the context of major histocompatibility complex class I (MHC-I) 

or class II (MHC-II) molecules of APCs, triggering the activation of the T cell. The co-

receptors CD4 and CD8 stabilise the TCR/MHC-peptide interactions. The binding of 

co-stimulatory molecules of the T cell such as CD28 to CD80/86 on the APC results 

in induction of clonal expansion. Finally, the production of specific cytokines by the 

APCs including interleukin (IL)-2 and IL-12 induces T cell expansion and differentiation 

in a context-dependent manner. For example, IL-12 production results in the 

differentiation of CD4+ T cells into a subset known as T helper 1 (Th1) cells [6]. 

Activated T cells migrate out of the lymphoid organ to distribute around the body, 

concentrating at sites of infection or inflammation where they contribute to the control 

and elimination of the immune threat.  
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T cell proliferation serves to generate large pools of activated T cells against a 

specific antigen and their acquisition of effector functions. The level of terminal T cell 

differentiation is inversely related to stemness, which refers to the multipotency or the 

differentiation potential of the cell [7, 8]. Increasingly differentiated T cells possess 

poorer features of stemness, such as a lower capacity for survival, as well as a limited 

self-renewal and proliferative potential [9, 10]. The effector response is typically 

mediated by a heterogenous pool of T cells with different functional and survival 

capacities. These qualities depend on the quality and quantity of signals received 

during activation such as strength of antigen stimulation, cytokine exposure and 

metabolite availability [11-14]. T cell subsets are distinguished by their phenotype, 

including effector molecule and transcription factor expression, and their metabolic 

profile [15].  

 

The majority of effector T cells are short-lived and undergo activation-induced 

cell death following elimination of the threat [16]. However, some cells survive to form 

long-lived memory T cells that are capable of self-renewal and remaining quiescent 

until re-activation upon secondary antigen exposure. These memory cells are faster 

in responding to re-stimulation with their cognate antigen compared to naive T cells, 

which together with increased precursor frequencies provides the foundation for long-

term protective immunity [17].    

 

1.2.2 CD8+ T cells 

CD8+ T cells, also known as cytotoxic lymphocytes (CTLs), recognise MHC-I-

restricted antigens. They can directly lyse target cells, which makes them an important 

mediator for the control of intracellular pathogens and tumours. Key CD8+ T cell 

cytokines that mediate these responses are interferon gamma (IFN-γ) and tumour 

necrosis factor alpha (TNF-α), which alert and activate various innate and adaptive 

immune cell types. IFN-γ can upregulate MHC expression on APCs and tumour cells 

[18, 19], induce a pro-inflammatory phenotype in macrophages [20] and enhance anti-

tumour and anti-viral effects of CD8+ T cells themselves [21]. TNF-α is a pleiotropic 

cytokine that regulates cell proliferation, differentiation and possesses cytolytic 

potential [22, 23]. Additionally, cytotoxic mediators including granzyme B, perforin, Fas 
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ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) result in 

programmed cell death of target cells [24-26].  

 

The acquisition of these effector functions occurs when naïve CD8+ T cells are 

activated and differentiate into effector cells. Multiple models of differentiation have 

been suggested in the case of acute infections that are characterised by sudden 

disease onset and rapid antigen clearance or death of the host [27, 28]. One similarity 

between models is the ability of a less differentiated cell to form effector cells that 

range in plasticity. For example, CD8+ T cells can progressively differentiate from early 

effector cells (EECs) to short-lived effector cells (SLECs) or memory precursor effector 

cells (MPECs). The presence of these subsets has been demonstrated in various 

models of acute infection, including lymphocytic choriomeningitis virus (LCMV), 

vesicular stomatitis virus (VSV), Listeria monocytogenes and herpes simplex virus 

type 1 (HSV-1) [16, 29-31]. The proportion of each subset is influenced by antigenic 

stimulation, cytokines, CD4+ T cell help and metabolites in the microenvironment [31-

34]. EECs, SLECs and MPECs can be distinguished by their expression of the killer 

cell lectin-like receptor G1 (KLRG1) and interleukin-7 receptor alpha chain (CD127).  

 

Before the peak of an acute infection, KLRG1-CD127- EECs are the most 

prevalent effector subset [16]. EECs differentiate into KLRG1+CD127- SLECs and 

KLRG1-CD127+ MPECs [29, 30]. SLECs are terminally differentiated T cells that 

undergo apoptosis during the contraction phase. In contrast, MPECs possess stem-

like qualities and metabolic adaptations that give them a survival advantage [29]. As 

such, MPECs make up the majority of cells that mature into memory T cells [29]. CD8+ 

T cell subsets can furthermore be distinguished through their transcription factor 

profiles. T-box protein expressed in T cells (T-bet), a key regulator of effector function, 

is highly expressed by SLECs cells while high Forkhead box O 1 (FoxO1), T cell factor-

1 (TCF-1) and Eomesodermin (Eomes) expression define MPECs and memory T cells 

[35, 36].  

 

1.2.3 CD4+ T cells 

CD4+ T cells respond to MHC-II-restricted antigens. They orchestrate immune 

responses by influencing CD8+ T cell and B cell priming, as well as directly 
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counteracting a variety of immune threats and maintaining tolerance. Upon activation, 

they can differentiate into heterogenous lineages depending on the TCR signal 

strength, co-stimulatory molecules and cytokines, for example IL-12, IL-4 and 

transforming growth factor beta (TGF-β). CD4+ lineages that participate in pro-

inflammatory responses are T follicular helper (Tfh), Th1, Th2 and Th17 cells, as well 

as newer subgroups including Th9 and Th22 cells [37, 38]. In contrast, regulatory T 

(Treg) cells play vital roles in regulating immune responses. Each subset is specialised 

for a particular role, and consistent with this has a distinct master transcription factor 

and cytokine profile. Tfh cells express the master transcription factor B-cell lymphoma 

6 (Bcl-6), and produce cytokine such as IL-21 to facilitate B cell differentiation and 

antibody responses [39, 40]. Th1 cells, defined by their expression of the transcription 

factor T-bet, potentiate pro-inflammatory responses against intracellular pathogens 

and tumours mainly through the production of IFN-γ and TNF-α [41, 42]. Th2 cells 

express the transcription factor GATA Binding Protein 3 (GATA3) [43]. They target 

helminths but also mediate allergic responses through IL-4 and IL-5 [42]. Th17 cells 

are controlled by the transcription factor retinoic-acid-receptor-related orphan receptor 

gamma t (RORγt) and mediate responses towards extracellular pathogens via IL-17 

and IL-22 [44, 45]. Another subset of emerging importance is cytotoxic CD4+ T cells 

which is under the control of the transcription factors Eomes and runt-related 

transcription factor 3 (Runx3) [46]. Like CD8+ T cells, cytotoxic CD4+ T cells can 

directly kill target cells via granzyme B, perforin and FasL [47]. Their development is 

not as well understood – they may form a separate lineage or belong to other subsets. 

They can arise from Th1, Th2, Th17 and Treg cells, or even unpolarised Th0 cells 

under particular conditions such as IL-2 [47-49], but are thought to be most closely 

related to Th1 cells [46].  

 

Tregs are defined by the expression of the transcription factor forkhead box P3 

(Foxp3) and can suppress Th1, Th2 and Th17 cells through TGF-β, IL-10 and other 

mediators, which keeps in check potentially harmful pro-inflammatory responses [50, 

51]. This is vital in the maintenance of tolerance, defined as unresponsiveness to self 

and non-self antigens, and homeostasis to prevent the development of autoimmunity 

and pathological immune responses. Successful clearance of the immune threat and 

resolution of the immune response both hinge on the fine balance between pro-

inflammatory and anti-inflammatory T cell subsets.  
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CD4+ T cell stemness and longevity is maintained by the transcription factor 

FoxO1 [52] and involves metabolic and epigenetic modifications [53], which will be 

discussed in greater detail in the following section. CD4+ memory T cells cells are 

important in infection and cancer settings, although they have been proven difficult to 

study due to their low frequencies [54-56]. 

 

1.2.4 Activation-induced molecular changes in T cells 

1.2.4.1 Gene expression 

Stimulation through the TCR results in the activation of canonical transcription 

factors such as activator protein 1 (AP-1) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), and subset-determining transcription factors 

such as T-bet, FoxO1 and Eomes. These transcription factors regulate the expression 

of downstream molecules including cytokines and metabolic enzymes, which are 

closely associated with differentiation and functional outcomes. For example, IFN-γ 

and TNF-α are under the transcriptional control of T-bet in both CD4+ and CD8+ T 

cells, leading to an effector phenotype in T-bet expressing T cells [57, 58]. FoxO1 can 

regulate mitochondrial biogenesis by inducing peroxisome proliferator-activated 

receptor-gamma coactivator 1-alpha (PGC-1α) expression [59], and may also localise 

to the mitochondria for binding to mitochondrial deoxyribonucleic acid (DNA) [60]. This 

has implications on differentiation due to the preferential reliance of memory T cell on 

mitochondrial respiration [61]. Furthermore, the activation markers CD25 and CD69, 

and programmed cell death protein 1 (PD-1) are upregulated; while CD62L is 

downregulated [62, 63]. Such markers have been shown to regulate T cell survival 

and functionality [64, 65]. These changes in expression are in part determined by 

epigenetic modifications. 

 

1.2.4.2 Epigenetic remodelling  

Histone modifications refer to the covalent addition or removal of functional 

groups to histones. These chemical changes in the chromatin structure are preserved 

throughout T cell division and immunological memory development [66, 67], serving 

as inheritable traits without requiring changes in the DNA sequence itself. Several 

types of histone modifications exist that include but are not limited to methylation, 
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phosphorylation and acetylation. Histone acetylation is an active process by which 

histone acetyltransferases (HATs) add an acetyl group from acetyl-coenzyme A 

(acetyl-CoA) to lysine residues of histones. This acetylation is generally believed to 

‘open’ the structure of chromatin, thereby allowing chromatin accessibility, 

transcription factor binding and increased gene expression [68, 69]. Conversely, 

histone deacetylases (HDACs) are enzymes that remove these acetyl groups resulting 

in a ‘closed’ chromatin conformation and repression of transcription [70]. Inhibitors of 

deacetylases block this process, leading to greater acetylation. 

 

T cells adopt unique chromatin states during the naïve, effector, and memory 

phase, which is required for significant changes in transcriptional profiles during 

differentiation [71, 72]. Similarly, during CD4+ T cell lineage commitment, epigenetic 

silencing and activation dictate subset-specific gene expression [73, 74]. Changes in 

histone acetylation shape T cell differentiation and functionality. Histone remodelling 

during differentiation has been clearly demonstrated in genes encoding cytokines and 

cytotoxic mediators. Total histone H3 acetylation of Ifng in naïve CD4+ and CD8+ T 

cells is low and this correlates with little IFN-γ protein expression [75, 76]. Several 

studies have shown that the acetylation of lysine residue 9 of histone H3 (H3K9ac) at 

the Ifng, Tnfa and Gzma promoters were associated with the acquisition of effector 

function following CD4+ and CD8+ T cell activation [77-80]. Greater H3K9ac was also 

detected at EOMES, PRF1 and GZMB promoters in human CD8+ memory T cells than 

naïve T cells [81]. Moreover, this particular chromatin remodelling in CD8+ T cells was 

maintained from the effector to memory T cell phase, and was associated with a more 

robust recall response [80]. Retention of epigenetic imprinting likely allows rapid 

induction of memory T cells recall responses, importantly distinguishing memory T 

cells from naïve T cells [82].   

 

1.2.4.3 T cell metabolism 

The T cell differentiation program is intimately linked to changes in metabolism 

to provide energy and biomolecule precursors required for their proliferation, migration 

and functional state. T cells can utilise different pathways to produce energy in the 

form of adenosine triphosphate (ATP) and provide precursor metabolites required for 

many differentiation steps, for example lipid synthesis for membrane forming [13]. 
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These energy generating pathways are very diverse in terms of their end products but 

are tightly linked because of a reliance on products from one pathway to feed into 

another as biosynthetic precursors. This section will focus on four main metabolic 

pathways that T cells heavily rely on: glycolysis, fatty acid oxidation (FAO), 

mitochondrial tricarboxylic acid (TCA) cycle, and oxidative phosphorylation 

(OXPHOS).  

 

Glycolysis occurs in the cytoplasm. It requires the uptake and processing of 

extracellular glucose to yield pyruvate along with numerous other biosynthetic 

products, reduced nicotinamide adenine dinucleotide (NADH) and adenosine 

triphosphate (ATP). Pyruvate can be introduced into the TCA cycle during aerobic 

glycolysis which occurs in the presence of oxygen. Alternatively, pyruvate can be 

reduced to lactate, which is termed ‘anaerobic’ glycolysis. FAO, a metabolic pathway 

that takes place in the mitochondrial matrix, breaks down fatty acids into numerous 

products that the T cell can use for energy generation including acetyl-CoA, NADH 

and dihydroflavine-adenine dinucleotide (FADH2). The TCA cycle occurs in the 

mitochondrial matrix. It can catabolise precursor molecules, such as pyruvate from 

glycolysis and acetyl-CoA from FAO, to generate NADH, FADH2 and metabolic 

intermediates. OXPHOS is performed in the inner mitochondrial membrane. It 

describes the pathway by which electrons are transferred from electron donors, such 

as NADH and FADH2, to oxygen in a series of redox reactions to produce ATP along 

the inner mitochondrial membrane. These pathways are regulated by signalling 

pathways – for example, TCR engagement and cytokine signalling [83, 84].  

 

For most T cell subsets, preferential use of certain metabolic pathways has been 

described [61, 85, 86]. Naïve T cells are metabolically ‘quiescent’ meaning that they 

maintain a low metabolic activity and preferentially perform FAO and OXPHOS to 

promote their survival and persistence [87, 88]. Once activated, proliferation and 

acquisition of effector function alter the bioenergetic needs of the T cell, so it is not 

surprising that their activation is coupled to profound changes in metabolism. Effector 

T cells increase anaerobic glycolysis [14, 89]. Although this energy pathway produces 

fewer units of ATP per glucose molecule than OXPHOS, glycolysis has the advantage 

of generating ATP approximately 100 times faster [90] and allows for the provision of 

additional metabolic intermediates for the biosynthesis of macromolecules [91]. This 
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pathway enables effectors to undergo rapid cell growth, proliferation, and effector 

molecule biosynthesis – which is collectively known as anabolism [14]. When extrinsic 

signals that support glycolysis are removed following clearance of the immune threat, 

the cell is unable to maintain sufficient glucose uptake to sustain itself [92]. At the 

same time, the relatively low mitochondrial mass of effector T cells results in 

insufficient OXPHOS for the conversion of glycolysis-derived NADH to nicotinamide 

adenine dinucleotide (NAD+), leading to a build-up of electrons in the mitochondria 

and ATP reduction – this can induce apoptosis [61, 93]. Although effector T cells 

mainly rely on glycolysis, MPECs in this heterogenous pool of effectors have a 

relatively higher capacity for mitochondrial respiration than SLECs [94].  

 

The metabolism of memory T cells is somewhat similar to that of naïve T cells, 

where catabolic metabolism, which involves breaking down metabolic substrates, 

supports long-term survival and steady homeostatic proliferation until re-activation. 

Memory T cells have a greater reliance on FAO and OXPHOS than glycolysis [61, 95]. 

FAO in memory T cells fuel a higher mitochondria spare respiratory capacity, which is 

the capacity to produce extra energy under stress, increasing resistance to apoptosis 

[61, 96]. Enhanced OXPHOS and FAO improve cell survival and recall responses, 

boosting the immune response to re-infection [97]. As OXPHOS and FAO are major 

metabolic pathways for memory T cells, enhancement of these processes promotes 

Memory T cell generation and characteristics, thereby boosting long-term protective 

immunity [95, 98]. 

 

Overall, cellular metabolism is an essential determinant of T cell survival and 

function. Alterations in metabolism are crucial for increasing cell size and supporting 

proliferation, and in the synthesis of effector molecules following activation. Metabolic 

adaptations are therefore important in T cell differentiation (Figure 1.1). Each 

environmental niche in the body provides different levels of metabolites such as 

glucose or fatty acids, and understanding the utilisation of these metabolites will 

increase our knowledge on T cell immunity.  
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Figure 1.1 Metabolic adaptations during T cell differentiation.  

Naïve T cells mainly rely on oxidative phosphorylation (OXPHOS). Differentiation into 

short-lived effector cells (SLECs) and memory precursor effector cells (MPECs) leads 

to a greater energy demand and a corresponding change in metabolic profile. 

Glycolysis is the preferred energy producing pathway in SLECs, while fatty acid 

oxidation (FAO) and glycolysis dominate in MPECs. MPECs mature into memory T 

cells, which are equipped with a greater mitochondrial biomass and carnitine 

palmitoyltransferase 1A (CPT1a) that aid in long-term survival. Adapted from 

McKinney E. F. and Smith, K. G. C. Nature Immunology. 2018. [94]  
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1.2.5 The importance of T cells in cancer control 

T cells are crucial in the control of pathological conditions including cancer, 

where their differentiation heavily influences patient outcomes. For example, memory 

T cells cells have been identified to be important in anti-cancer responses [99-101]. 

High levels of CD8+ memory T cells significantly correlated to greater progression-free 

survival and overall survival of cancer patients receiving immune checkpoint blockade 

(ICB) immunotherapy that aims to reduce T cell exhaustion [102, 103]. Tumour tissue 

with enriched cytotoxic CD4+ T cell and Th1 cell-associated gene expression was 

found in colorectal cancer patients who experienced improved disease-free survival 

[104]. Head and neck squamous cell carcinoma patients with better OS possessed a 

greater memory CD4+ T cell infiltration [105]. In contrast, terminally differentiated or 

exhausted CD4+ and CD8+ T cells with compromised functionality and survival were 

associated with more advanced disease states and poorer progression-free survival 

[54]. However, ICB such as anti-PD-1 induced transcriptional and metabolic 

alterations which reversed dysfunction, restoring anti-tumour T cell responses [106].  

 

The ability of T cells to elicit long-term control of cancer has led to the 

development of a powerful immunotherapeutic tool known as chimeric antigen 

receptor (CAR) T cells. These T cells are genetically engineered to express a tumour-

specific T cell receptor before being transfused into patients. Their notable success, 

such as response rates of up to 90% in clinical trials [107, 108], has led to their 

approval by the U.S. Food and Drug Administration (FDA) for use against various 

forms of blood cancers. The efficacy of CAR T cells is influenced by both their 

functionality and stemness. Memory CAR T cells are reportedly more effective than 

effector CAR T cells due to improved persistence of the former [109, 110]. In particular, 

cytotoxic memory CAR T cells denoted by CD161 upregulation exhibited better killing 

of tumour cells than their CD161- counterparts [111]. A better understanding of the 

factors that determine T cell differentiation and function therefore has therapeutic 

relevance. Determining the role of extrinsic factors, such as the gut microbiome and 

their metabolic derivatives, requires further exploration. 
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1.3 Microbiota and their metabolic products   

The gut microbiota are a collection of microorganisms inhabiting the 

gastrointestinal tract that due to co-evolution have developed a mutually beneficial 

relationship with the host. The collective genomes of this community of 

microorganisms are referred to as the microbiome. The colon is the most densely 

populated site and its commensals collectively produce a large variety of metabolites 

from otherwise indigestible food [112, 113]. For example, metagenomic approaches, 

such as 16S ribosomal RNA (rRNA) community profiling and functional gene-targeted 

sequencing have shown that the gut microbiome encodes multiple biosynthetic 

pathways that allow for the fermentation of dietary fibre and other complex 

polysaccharides to short chain fatty acids (SCFA) [114-118]. SCFAs are carboxylic 

acids defined by the presence of an aliphatic tail less than six carbons long. The 

immunological impact of microbiota diversity within and between individuals has led to 

a growing interest in characterising how microbiota-dependent differences, particularly 

their capacity to produce metabolites, influence the host immune responses [119-121]. 

Gut microbiota-derived metabolites include trimethylamine N-oxide, branched amino 

acids and highly abundant SCFAs that can be used as metabolic substrates by various 

cells in the body such as hepatocytes and colonocytes [122]. SCFAs are particularly 

interesting in the context of T cell immunity as various studies have shown that they 

alter T cell metabolic and epigenetic reprogramming [31, 123, 124]. 

 

1.3.1 SCFA-producing bacteria  

SCFAs include acetic acid (C2), propionic acid (C3), butyric acid (C4) and 

pentanoic acid (C5). SCFAs can be synthesised by various sources including the liver 

[125], but are most commonly known to be gut microbiota-derived. Acetate, propionate 

and butyrate make up more than 95% of SCFAs in the intestine, with localised 

concentrations reaching up to 140 mM and an approximate 60:20:20 molar ratio [126]. 

The bulk of SCFAs produced by the microbiota are subsequently absorbed and 

metabolised by enterocytes. The remaining SCFAs are transported via the portal vein 

to the liver and other organs (Figure 1.2). In the peripheral blood, the concentrations 

of acetate, propionate and butyrate has been estimated to be 70 μM, 5 μM and 4 μM 

respectively [127]. SCFAs can be used as backbones for the de novo synthesis of 
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lipids and glucose in the intestinal tract and liver and thereby serve as energy source 

for the host [128]. 

 

SCFA concentrations depend on various factors including gut transit time, the 

potential hydrogen (pH) level of the colonic content, source of the substrate, quantity 

and composition of gut microbiota. Bacteroidetes and Firmicutes are the dominant 

phyla in the gut microbiota, with the former capable of synthesising acetate and 

propionate, and the majority of the latter being butyrate producers [129-131]. However, 

other phyla are also capable of SCFA biosynthesis. Specific acetate-producing 

species belong to the genera Escherichia, Enterobacter, Streptococcus, Akkermansia 

muciniphila, Ruminococcus, Prevotella and Bacteroides [132-134]. Propionate and 

butyrate production has been detected in relatively fewer bacterial genera [135]. 

Propionate producers include Bacteroides thetaiotaomicron, Bacteroides vulgatus, 

Lactobacillus plantarum, and Akkermansia muciniphila [136, 137]. In contrast, butyrate 

is primarily produced by Eubacterium rectale, Eubacterium hallii, Roseburia faecis, 

and Faecalibacterium prausnitzii [126, 138, 139]. Interestingly, specific forms of 

dietary fibre have been associated with increased SCFA production by gut microbes, 

for example Akkermansia muciniphilia was mainly responsible for mucin fermentation 

into propionate [140] whereas Ruminococcus bromii converted resistant starch into 

butyrate [141]. SCFA availability in the body is therefore dependent on diet and gut 

microbiota composition. 
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Figure 1.2 Gut microbiota-derived short chain fatty acids circulate to organs.  

Short chain fatty acids (SCFAs) are generated by the fermentation of dietary fibre by 

the gut microbiota. A large majority of SCFAs in the intestine are acetate, propionate 

and butyrate, which are present in a molar ratio of approximately 60:20:20. While most 

of the SCFAs are absorbed by enterocytes, the remaining SCFAs enter the circulatory 

system through the portal vein and are transported to organs such as the liver, spleen 

and lymph nodes. (This figure was made using Biorender.) 
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1.3.2 SCFAs in health and disease 

SCFAs can be utilised by cells as metabolic substrates that feed into 

mitochondrial metabolic pathways. In recent years an increasing number of studies 

have demonstrated physiological roles of SCFAs in organs, tissues and cells beyond 

the intestine. This also extends to pathological conditions, with low SCFAs levels 

correlating with diseases such as inflammatory bowel syndrome [142], diabetes [143], 

and colorectal cancer [144]. Alterations of SCFA concentrations have shown promise 

in reverting important aspects of such diseases in pre-clinical mouse models [145-

150]. One way in which SCFAs have been implicated in influencing disease status is 

through their impact on T cells. Recent work from our group and others has implicated 

the incorporation of signals from SCFAs and their metabolism in T cell differentiation 

and function [31, 151, 152]. The ability to regulate T cell responses via SCFA has the 

potential to be harnessed for CAR T cell therapy [123, 153, 154]. Indeed, CD8+ CAR 

T cells pre-treated with pentanoate were found to significantly reduce the rate of 

Panc02 pancreatic tumour growth in mice, compared to untreated CAR T cells [123]. 

 

1.3.3 SCFAs influence host cell responses  

SCFA can act on cells by different means. They can passively diffuse through 

the cell and mitochondrial membranes [155] or enter the cell via carrier-mediated 

transportation through Solute carrier family 5 member 8 (SLC5a8) and 

monocarboxylate transporter 1 (MCT1) [156-159]. In doing so, SCFAs become 

available as metabolic substrates for FAO. They are converted into acetyl-CoA for 

integration into the TCA cycle and OXPHOS, ultimately leading to energy production 

in form of ATP and the provision of precursor metabolites. Furthermore, although 

SCFAs are not direct metabolic substrates for glycolysis, FAO generates acetyl-CoA 

that is able to promote glycolysis. Acetyl-CoA can firstly activate the glycolytic enzyme 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by inducing post-translational 

modifications [160]. Secondly, acetyl-CoA can be used to generate ATP, resulting in 

the reversal of AMP-mediated suppression of mammalian target of rapamycin 

(mTOR), a positive regulator of cell growth, effector function, and glycolysis [161]. 

 

SCFAs can additionally diffuse through nuclear membranes to induce 

epigenetic modifications. Certain SCFAs can promote histone acetylation in various 
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cell types, such as T cells, B cells, and macrophages [162-164]. Butyrate in particular, 

has been found to be a stronger agent of histone acetylation than acetate and 

propionate [165, 166]. SCFAs can mediate histone acetylation by acting as HDAC 

inhibitors directly or via the provision of acetyl-CoA for histone acetylation [123, 167, 

168]. At physiological concentrations, they are more likely to promote histone 

acetylation through the latter [166], although HDAC inhibition can additionally be 

induced by administering higher concentrations of SCFAs [123].  

 

SCFAs are also cognate ligands of the G protein-coupled receptor (GPR) 41, 

GPR43, GPR109a, and olfactory receptor 78 (Olfr78; mice)/Olfactory Receptor Family 

51 Subfamily E Member 2 (OR51E2; humans) found on the cell surface [169-172]. Of 

greater interest in this study are GPR41 (encoded by the gene Ffar3) which is relatively 

highly expressed on adipocytes and granulocytes, and GPR43 (Ffar2) that has been 

found on intestinal epithelial cells and immune cells [164, 173, 174]. The affinity of 

binding to GPR41 is butyrate  propionate > acetate, while that of GPR43 is acetate  

propionate > butyrate [175-177]. GPR41 and GPR43 signalling can modulate 

processes in colonic epithelial cells including apoptosis, and cytokine and chemokine 

production [173, 178]. Additionally, they can induce chemotaxis of neutrophils through 

GPR43-dependent signalling [3, 170, 179, 180]. The half maximal effective 

concentration (EC50) values are estimated to be in the high micromolar to low 

millimolar range, indicating a low affinity of SCFAs to these receptors [169-171].  

However, these values were derived from transfected cell lines and yeast cells, and 

hence may not accurately reflect that of T cells. The expression of these SCFA 

receptors on T cells is controversial, with some studies finding low levels of expression 

[174, 181-183], and others reporting non-detectable levels [124, 184, 185], as recently 

summarised by Kim and colleagues [186]. GPR41 and GPR43 expression have 

indeed been shown to be dependent on T cell subsets and tissue localisation [124, 

174, 184].  

 

In summary, the most thoroughly-investigated mechanisms of SCFAs involve 

metabolic adaptations, epigenetic modifications and receptor-mediated signalling. An 

overview of these mechanisms is depicted in Figure 1.3. Studying these effects can 
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better inform us about how SCFAs may alter T cell differentiation and functional 

outcomes. 
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Figure 1.3 SCFAs act through metabolic, epigenetic, and receptor-mediated 

mechanisms in T cells.  

Short chain fatty acids (SCFAs) such as acetate, propionate, butyrate, and pentanoate 

can either diffuse into the cell passively or via the transporters solute carrier family 5 

member 8 (SLC5a8) and monocarboxylate transporter 1 (MCT1). Once in the cell, the 

SCFAs can be metabolised through fatty acid oxidation (FAO), by which they are 

converted into the metabolic intermediate acetyl coenzyme A (acetyl-CoA) for 

incorporation into the tricarboxylic acid (TCA) cycle. Through oxidative 

phosphorylation (OXPHOS), ATP is produced. SCFAs also have the ability to induce 

epigenetic modifications. They can directly inhibit histone deacetylase (HDAC) activity 

or indirectly promote histone acetylase (HAT) activity via its co-factor acetyl-CoA. The 

addition or maintenance of acetyl (Ac) groups on histone groups promotes gene 

expression. Finally, SCFAs can bind to G protein-coupled receptors 41 and 43 

(GPR41 and GPR43). Downstream signalling cascades result in regulation in 

expression of select genes.  
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1.4 The influence of SCFAs on CD8+ T cell immunity 

The main pathways that SCFAs can alter CD8+ T cell immunity include 

metabolic, epigenetic, and receptor-mediated mechanisms. Within the CD8+ T cell 

compartment, more is known about how SCFAs influence effector function rather than 

differentiation. It is clear that SCFAs can promote CD8+ T cell cytokine production, 

albeit to extents varying between different SCFAs [123, 151, 181, 187]. Apart from 

influencing effector responses, a few studies have uncovered how SCFAs can 

additionally impact re-activation and secondary immune response generated by 

memory T cells [31, 160, 188]. This section describes the mechanisms by which 

SCFAs can induce these effects, as summarised in Figure 1.4.  

 

1.4.1  Metabolic effects on CD8+ T cells 

It has been suggested that SCFAs can enhance the function of effector CD8+ 

T cells through metabolic rewiring. Several studies have shown that SCFAs can 

increase the expression of effector molecules such as IFN-γ and TNF-α, and 

degranulation markers of effector T cells [123, 151, 181, 187], with some of them 

linking these vital features of CD8+ T cells to metabolic adaptations [123, 181]. For 

example, pentanoate promoted glycolysis in activated CD8+ T cells, inducing IFN-γ 

expression [123]. This study showed that IFN-γ upregulation was partially reversed by 

blocking glycolysis with the mTOR inhibitor rapamycin, indicating that SCFAs can 

improve cytokine production to an extent by altering metabolism. In a key study, 

Trompette and colleagues observed that butyrate supplemented during in vitro T cell 

activation increased CD8+ T cell mitochondrial biomass and expression of the 

degranulation marker CD107α in a FAO-dependent manner, indicating that butyrate 

could improve cytotoxicity through metabolic effects [181]. These butyrate-mediated 

changes were ameliorated by FAO inhibitor etomoxir that transports long chain fatty 

acids (LCFAs) from the cytoplasm to mitochondria for LCFA FAO. This indicated a 

role for butyrate in LCFA metabolism.  

 

Various studies have demonstrated the importance of fatty acid metabolism in 

memory T cells to support their survival and re-activation [95, 96, 189, 190]. Van der 

Windt et al. reported that OXPHOS of memory T cells mainly relies on non-glucose 

derived inputs such as fatty acids, supporting the potency of the recall response [97]. 
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FAO contributed significantly to the rapid re-activation and proliferation of in vitro-

generated memory T cells, as shown through the inhibition of the FAO rate-limiting 

enzyme carnitine palmitoyltransferase 1a (CPT1a) [97]. Importantly, SCFAs and their 

precursors resulted in enhanced mitochondrial respiration in CD8+ T cells. Activated 

CD8+ T cells from mice fed a high fibre diet possessed a higher maximal mitochondrial 

respiration and spare respiratory capacity than mice on a control diet [181]. This hints 

that SCFA metabolism may induce an effector CD8+ T cell metabolic phenotype that 

resembles that of CD8+ memory T cell precursors. Indeed, we showed that butyrate 

promoted OXPHOS which correlated with increased MPEC formation [31].  

 

Mechanistically, CD8+ T cells directly catabolised butyrate in the TCA cycle, 

and this correlated with greater FoxO1 expression and responsiveness to IL-15 [31]. 

Upon adoptive transfer of these cells and rechallenge, butyrate-treated CD8+ T cells 

preferentially differentiated into MPECs, which also occurred in vivo following high 

fibre feeding [31]. The ability of butyrate to act as a metabolic substrate was thus 

positively associated with significant skewing of CD8+ T cell fate decisions towards 

MPECs. In terms of metabolic effects induced by specific SCFAs at a memory phase, 

a separate study found that acetate treatment of memory T cells promoted basal 

mitochondrial respiration and spare respiratory capacity by directly feeding into FAO, 

increasing acetyl-CoA input into the TCA cycle [160]. Interestingly, acetate also 

significantly increased memory T cell glycolysis through acetyl-CoA-induced post-

translational activation of the glycolytic enzyme GAPDH. A better recall response and 

IFN-γ production were accompanied by this glycolytic switch, indicating greater 

differentiation into highly functional secondary effector cells [160]. This expands the 

role of SCFA from solely acting as direct metabolites to influencing metabolism by 

changing the activation status of key metabolic transcriptions factors and enzymes 

such as mTOR and GAPDH. Taken together, these studies have established that 

SCFAs can promote metabolic adaptations that skew CD8+ T cell fate decisions 

towards greater effector capacity and a memory phenotype.  

 

1.4.2 Epigenetic modifications in CD8+ T cells 

T cell functionality and plasticity are tightly regulated by epigenetic 

modifications that can be modulated by SCFAs. Direct treatment of CD8+ T cells with 
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butyrate induced histone H4 acetylation of Tbx21 and Ifng promoter sites [151]. This 

promoted a CTL effector phenotype, even in Type 17 CD8+ T (Tc17) cells that are 

known to typically produce low levels of IFN-γ [151]. SCFA-induced histone acetylation 

thus appeared to promote a CTL effector phenotype. SCFAs may also impact 

differentiation through epigenetic modifications which regulate the cell cycle. Various 

studies have suggested that rapid expansion is linked to preferential differentiation into 

short-lived, terminally differentiated subsets, while effector T cells that undergo less 

proliferation retain stem-like qualities and become memory T cells [191-193]. HDAC 

inhibition by butyrate and propionate reduced human CD8+ T cell proliferation [168]. 

The ability of SCFAs to reduce proliferation via histone acetylation may hence 

contribute towards maintaining stemness. This would not be surprising as histone 

modifications heavily influence lineage determination of CD8+ T cells through the 

silencing and activation of crucial genes [80, 194].  

 

Importantly, SCFA-derived acetyl-CoA can act as a co-factor for enzymes 

involved in histone modifications. For example, acetate does not possess HDAC 

inhibitor activity but can form the metabolic intermediate acetyl-CoA that is a co-factor 

for histone acetylases [160, 187]. In murine CD8+ T cells, carbon derived from 

exogenous acetate was found to be incorporated in histones H3 and H4 through 

acetyl-CoA synthetase 2 (ACSS2)-dependent generation of acetyl-CoA [187]. This 

drove greater IFN-γ expression in tumour infiltrating lymphocytes (TILs) and antigen-

specific CD8+ T cells under glucose-restricted conditions. Acetate can hence promote 

effector responses in glucose-deficient microenvironments. Altogether, SCFAs can 

mediate epigenetic modifications, thereby altering the expression of genes involved in 

CD8+ T cell proliferation, lineage decisions, and effector function.  

 

1.4.3 SCFA receptor-mediated effects on CD8+ T cells 

Multiple groups have shown that the development and severity of disorders 

such as human colorectal cancer, asthma and inflammatory bowel disease are 

impacted by the expression of SCFA receptors on various cell types, including T cells 

[178, 184, 195, 196]. However, a role for these SCFA receptors in regulating CD8+ T 

cell immunity is controversial. Oral administration of butyrate to both naïve 

GPR41/GPR43-deficient and wildtype (WT) mice similarly increased the proportion of 



 23 

IFN-γ+ CD8+ T cells from the mesenteric lymph nodes compared to untreated mice 

upon phorbol 12-myristate 13-acetate (PMA)/ionomycin re-stimulation [151]. In the 

same study, re-stimulation of GPR41/GPR43-deficient and WT CD8+ T cells following 

direct butyrate exposure in vitro resulted in comparable increases in IFN-γ expression 

upon re-stimulation [151]. A similar trend between GPR41/GPR43-deficient and WT 

CD8+ T cells was observed after in vitro activation and pentanoate treatment [123]. 

This indicated that the SCFA-mediated increase in cytokine expression is dependent 

on factors other than GPR41 and GPR43. This is in line with other studies 

demonstrating that these receptors were not required for optimal effector function in 

vitro [31, 181].  

 

Another way in which these receptors may impact disease outcome is by 

influencing CD8+ T cell differentiation. We have shown that secondary viral antigen 

exposure of memory T cells in mixed bone marrow chimeric mice resulted in less 

expansion and IFN-γ expression in GPR41/GPR43-deficient CD8+ T cells compared 

to WT CD8+ T cells [31]. One of the many distinguishing factors between our study 

and others was the experimental model used and the timepoint examined. For 

example, the analysis of bulk CD8+ T cells at an effector phase in vitro by others 

yielded no differences [151]. Similarly, we found that comparable frequencies of WT 

and GPR41/GPR43-deficient CD8+ T cells were present in the blood of mice before 

secondary antigen challenge [31]. Only after re-activation at a memory timepoint in 

vivo did we observe a clear effect of GPR41 and GPR43 on the CD8+ T cell frequency 

and IFN-γ expression [31]. The mechanism of how these receptors improve CD8+ T 

cell recall responses is still unresolved. Interestingly, certain members of the GPRs 

play a role in cell cycle arrest [197], leading to the possibility that GPR41 and GPR43 

may improve cell survival and hence differentiation into memory T cells [198-200]. As 

relatively few studies have investigated how SCFA receptor signalling influences T cell 

differentiation and function, further interrogation of the topic is required. This includes 

possible effects of GPR41/GPR43 in MPEC and SLEC development, given that 

memory T cell responses are affected. 

 

It is important to note that the effects of SCFAs on T cell immunometabolism, 

epigenetic modifications and SCFA receptor signalling are complex and not mutually 
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exclusive. In summary, SCFAs have the potential to improve CD8+ T cell functionality 

and promote stemness. 
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Figure 1.4 SCFAs promote CD8+ T cell immune responses.  

Short chain fatty acids (SCFAs) can be converted to acetyl-coenzyme A (acetyl-CoA), 

which feeds into the metabolic pathways fatty acid oxidation (FAO), tricarboxylic acid 

(TCA) cycle and oxidative phosphorylation (OXPHOS) to be utilised by CD8+ T cells 

as substrates for energy production. This coincides with a higher mitochondrial 

biomass in cells that have been treated with SCFAs such as butyrate. As memory T 

cells rely heavily on mitochondrial respiration, the metabolic effects of SCFAs are likely 

a key factor for enhanced memory precursor effector cell (MPEC) differentiation. 

SCFA-induced increases in glycolysis via mammalian target of rapamycin (mTOR) 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) contribute to enhanced 

effector molecule expression. SCFAs can also mediate epigenetic modifications by 

supporting histone acetyltransferase (HAT) activity via the provision of the co-factor 

acetyl-CoA and inhibiting histone deacetylases (HDACs), which upregulate the 

expression of the cytokines interferon-gamma (IFN-γ) and tumor necrosis factor-alpha 

(TNF-α), the transcription factors T-box expressed in T cells (T-bet) and 

Eomesodermin (Eomes), and reduce proliferation. Expression of the G protein-

coupled receptors 41 and 43 (GPR41 and GPR43) on CD8+ T cells is controversial. 

Despite this, SCFA sensing by CD8+ T cells promotes IFN-γ expression and T cell 
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expansion upon secondary antigen exposure. Altogether, SCFAs promote CD8+ T cell 

effector responses, differentiation into memory T cells and superior recall responses. 
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1.5 The influence of SCFAs on CD4+ T cell immunity 

Like CD8+ T cells, SCFAs can alter CD4+ T cell immunity through metabolic, 

epigenetic, and receptor-mediated effects. The importance of fatty acids in CD4+ T cell 

differentiation was first defined for Tregs, where SCFAs support their 

immunomodulatory function [183, 201]. While the effect of SCFAs on memory CD4+ T 

cell development has not been well characterised, they have been shown to skew 

effector subset differentiation and function [155]. This section focuses on Treg and 

Th1 cell subsets, although Th2- and Th17-type responses can also be influenced by 

SCFAs [202-204]. The SCFA-induced mechanisms behind these effects are 

summarised in Figure 1.5. 

 

1.5.1  Metabolic effects on CD4+ T cells 

Similar to CD8+ T cells, SCFA skew CD4+ T cell differentiation and function, 

and hence play an important role in determining the nature and degree of immune 

responses [50, 205, 206]. Individual CD4+ T cell lineages undergo distinct metabolic 

adaptations during differentiation that support their distinct bioenergetic requirements.  

 

Tregs rely mainly on FAO and OXPHOS [13, 207] evident by their higher 

mitochondrial biomass compared to other CD4+ T cell subsets [208]. Many reports 

have indicated that SCFAs promote Foxp3+ Treg formation both in vitro and in vivo 

[165, 183, 201, 209]. Hao et al. demonstrated that butyrate metabolism possessed a 

dual role in promoting FAO for the differentiation into inducible Tregs [210]. Butyrate 

firstly increased FAO by acting as a carbon source, and was additionally metabolised 

into butyryl-CoA which antagonised the endogenous CPT1a inhibitor malonyl-CoA 

and thus maintained CPT1a activity. Butyrate therefore regulates FAO directly and 

indirectly in CD4+ T cells [210].  

 

Conventional CD4+ T cell subsets were found to be more reliant on glycolysis 

than FAO [206]. Upon recognition of their cognate antigen, Th1, Th2 and Th17 subsets 

activated mTOR which promoted aerobic glycolysis resulting in T cell differentiation 

and effector function such as cytokine synthesis [124, 211-214]. The SCFA acetate, 

propionate and butyrate influenced mTOR activation thereby skewing T cell 

differentiation into Th1 cells and upregulating IFN-γ expression [124]. Administration 
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of the mTOR pathway inhibitors rapamycin and metformin completely blocked the 

SCFA-induced Th1 skewing, demonstrating that glycolysis mediated by SCFAs was 

crucial for subset specification [215]. Improved glucose uptake may have been 

another contributor as SCFAs have been shown to upregulate glucose transporter 1 

and 4 (GLUT1 and GLUT4) in other cell types [216, 217]. Nevertheless, further studies 

are needed to clarify how SCFAs influence Th1, Th2, and Th17 differentiation and 

function from a metabolic perspective. 

 

The aforementioned studies illustrated that SCFAs can influence CD4+ T cell 

lineage specification and cytokine production through metabolic means. SCFAs are 

not only metabolic substrates but can also indirectly alter metabolic enzyme activity. 

As a result, glycolysis, FAO, and OXPHOS can all be upregulated by SCFAs. As CD4+ 

T cell metabolism is closely tied to pro- or anti-inflammatory subset differentiation, 

SCFA may modulate this homeostatic balance. To date, there is limited knowledge on 

the metabolic effects of SCFAs on CD4+ T cell stemness. A study on acetyl-CoA 

carboxylase (ACC1)-deficient cells that cannot perform fatty acid synthesis, has 

revealed that FAO of extracellular fatty acids was required for generating memory Th1 

cells [205]. It would be interesting to understand whether SCFAs may promote CD4+ 

T cell differentiation into memory T cells because memory Th1 cells have been 

associated with a greater protection against pathogen infections [218, 219] and better 

prognosis in patients with cancer, such as non-small cell lung cancer (NSCLC) [220].  

 

1.5.2 Epigenetic modifications in CD4+ T cells 

Epigenetic modifications mediated by SCFAs can also alter CD4+ T cell 

differentiation and effector molecule expression. Various groups have demonstrated 

that the pro-inflammatory and anti-inflammatory functions of CD4+ T cells are affected 

by histone modifications [124, 149, 152, 201, 203, 221, 222]. HDAC activity in 

activated CD4+ T cells was found to be diminished by acetate, propionate, and 

butyrate [124]. Treatment of unpolarised CD4+ T cells with high SCFA concentrations 

of 10 mM lowered the HDAC activity, similar to the HDAC inhibitor Trichostatin A 

(TSA). Interestingly, these measurements were observed after a mere 2 hours of 

SCFA treatment, indicating that HDAC inhibition by SCFAs was fast-acting.  
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In line with findings in CD8+ T cells, suppression in HDAC activity is mediated 

most strongly by butyrate, followed by propionate, then acetate [124, 152]. Multiple 

studies have substantiated that HDAC inhibitor properties of butyrate promote Th1 

effector responses through large increases in IFN-γ expression [124, 152, 203, 221, 

222]. The strong Th1-polarising effect of butyrate was evident from H3 and H4 

hyperacetylation even in Treg-polarised CD4+ T cells, where Tregs showed elevated 

expression of Th1-associated molecules IFN-γ and T-bet in vitro [152]. Similar trends 

were observed in vivo with oral butyrate administration [152]. As different groups have 

shown through flow cytometry, real-time quantitative PCR (RT-qPCR), and RNA 

sequencing, butyrate-mediated upregulation may not be specific to Th1 cytokines, as 

they also promote Th17 effector molecule expression [124, 221]. Likewise, acetate 

and propionate were found to increase both IFN-γ and IL-17 expression in Th1 and 

Th17 cells respectively, possibly through HDAC inhibition as TSA showed similar 

outcomes [124]. Interestingly, HDAC activity has been shown to be a critical 

determinant for CD4+ T cell polarisation into cytotoxic CD4+ T cells [222]. Butyrate, 

pentanoate, and to a smaller extent propionate treatment led to T-bet and granzyme 

B upregulation, which resembled that of HDAC1 and HDAC2-deficient CD4+ T cells 

[222]. 

 

Butyrate has also been shown to induce other epigenetic modifications in 

addition to acetylation. With regards to CD4+ T cells, butyrate induced greater H3K9ac 

and reduced lysine 4 trimethylation on histone H3 (H3K4me3) of the Il22 promoter to 

increase the expression of the pro-inflammatory cytokine IL-22 in Th1 cells [221]. 

Whether butyrate regulates CD4+ T cell gene expression through epigenetic 

modifications apart from acetylation and methylation is not well understood but 

important in deciphering the mechanisms of butyrate. As the central factors involved 

in metabolism also act as co-factors for methylation, it is likely that the ability of SCFAs 

to alter metabolism also directly impacts histone modifications [223]. Indeed, a 

crosslink between metabolism and epigenetic alterations has been shown in CD4+ T 

cells. Sustained activation of the mTOR pathway and subsequently glycolysis was 

promoted through acetate and propionate-mediated acetylation of the 70-kDa 

ribosomal protein S6 (p70-S6) kinase and phosphorylation of ribosomal protein S6 

(rpS6), likely through HDAC inhibition [124].  
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The suppression of HDAC activity by SCFAs is not limited to pro-inflammatory 

effects, but can also promote anti-inflammatory gene expression. Butyrate promoted 

histone 3 and histone 4 hyperacetylation of Foxp3, improving Treg phenotypic stability 

and function [149, 201]. Various modifications at Foxp3 have been identified, such as 

H3K27ac, H3K9ac, and penta-acetylated histone H4 (H4ac5) – all of which were 

mediated by butyrate, but not acetate [149]. In the same study, an acetate-rich diet 

induced a similar amount of histone acetylation and penta-acetylation at Foxp3 in 

Tregs as the control diet [149]. These modifications in T cells of the acetate-fed group 

were up to 100 times less abundant compared to those on a butyrate-rich diet. Acetate 

may not possess HDAC inhibitor activity and was therefore unlikely to induce the same 

level of modifications that butyrate could. Furusawa et al. determined that histone H3 

acetylation of Tregs was found at Foxp3 but not Tbx21 or Gata3, implying that 

butyrate-induced epigenetic modifications were gene-specific under these settings. 

Various epigenetic changes at multiple sites of histones can be induced by a single 

condition [224, 225]. These findings altogether indicate a dual role of SCFAs in 

inflammation and immunosuppression through histone acetylation of various subset-

specific genes. 

 

1.5.3 SCFA receptor-mediated effects on CD4+ T cells 

SCFA receptor-mediated mechanisms have mostly been shown to confer anti-

inflammatory implications on CD4+ T cells due to their impact on Tregs. The 

tolerogenic function of colonic Tregs (cTregs) has been suggested to be GPR43-

dependent, with GPR43 being required for propionate to upregulate the Treg-

associated factors Foxp3 and IL-10 [183]. Consistent with the aforementioned study, 

Tanoue et al. found that the combined effects of GPR43 and HDAC inhibition regulated 

the induction of cTregs but not Tregs in other organs that expressed lower levels of 

these GPRs [226]. Provision of an acetate-rich diet resulted in a higher prevalence of 

type 1 diabetes in mice lacking GPR43 compared to control mice, with the former 

possessing fewer splenic and peripheral lymph node Tregs [149]. This effect was 

specific to the SCFA acetate and did not occur after butyrate feeding [149]. In line with 

this, another study reported that Tregs generated from spleens of WT and GPR41/43-

deficient mice reacted similarly in terms of Foxp3 upregulation after butyrate 
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administration [152]. These studies collectively show that SCFA signalling can affect 

Treg differentiation but this seems to be model-dependent. 

 

Of note, there is little evidence for effects upon engagement of SCFA receptor 

in other CD4+ T cell subsets. Yang et al. showed that butyrate functions as a GPR41 

agonist to promote Hif1α and Ahr gene expression in CD4+ T cells, upregulating IL-22 

production [221]. However, butyrate-mediated cytokine upregulation in Th1 cells is 

GPR43-independent [203]. Acetate had no effect on Th1 differentiation of mice 

deficient in GPR41 or GPR43 [124, 215]. In line with this, IFN-γ expression was similar 

between WT, GPR41-deficient, and GPR43-deficient CD4+ T cells, regardless of 

acetate treatment [124, 215]. Like for the aforementioned Treg studies, the 

involvement of SCFA receptors in Th1 immunity may be model-dependent. Given that 

few studies have investigated the role of these receptors in pro-inflammatory CD4+ T 

cell subsets, more work is required to better understand their contribution. 

 

Similar to CD8+ T cells, inter-dependence between SCFA-mediated 

mechanisms has been shown in CD4+ T cells. At least 2 studies have demonstrated 

that SCFA receptor signalling supports histone hyperacetylation. Upon acetate, 

propionate, or butyrate treatment, Park et al. measured a reduction in HDAC activity 

in WT CD4+ T cells, but not their GPR41/GPR43-deficient counterparts [124]. 

Propionate treatment reduced the expression of HDAC6 and HDAC9 in cTregs of WT 

mice, while GPR43-deficient mice expressed similar levels as the untreated group 

[183]. Also, propionate induced histone H3 acetylation in WT cTregs, but not in 

GPR43-deficient cells [183]. This highlights a certain degree of dependency of 

epigenetic modifications on SCFA receptor signalling. The mechanism of this requires 

further investigation considering HDAC inhibition requires entry of SCFAs into the cell 

while SCFA-binding occurs on the cell surface without any known uptake. Altogether, 

various aspects of CD4+ T cell differentiation and function are altered by receptor-

mediated, metabolic, and epigenetic effects of SCFAs but many details are not well 

understood.  
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Figure 1.5 SCFAs alter CD4+ T cell immune responses.  

The effect that short chain fatty acids (SCFAs) have on CD4+ T cells is highly context-

dependent. SCFAs can promote glycolysis through phospho-mammalian target of 

rapamycin (mTOR) and phospho-ribosomal protein S6 (rpS6). Additionally, they can 

enhance fatty acid oxidation (FAO) by acting as metabolic substrates. This promotes 

the expression of the T helper 1 (Th1)-associated factors T-box expressed in T cells 

(T-bet) and interferon-gamma (IFN-γ), as well as regulatory T (Treg) cell 

differentiation. SCFAs induce epigenetic effects. They act as inhibitors of histone 

deacetylases (HDAC), resulting in histone H3 and H4 acetylation (H3ac and H4ac 

respectively). Other epigenetic modifications include histone H3 methylation. SCFAs 

are also likely to increase the availability of acetyl-coenzyme A (acetyl-CoA) for histone 

acetyltransferase (HAT) activity. As a result, the expression of Th1-associated 

molecules T-bet, IFN-γ and granzyme B (GzmB), as well as Treg-associated forkhead 

box P3 (Fox3) and interleukin-10 (IL-10) are promoted. HDAC inhibition has also been 

reported to enhance glycolysis through acetylation of the 70-kDa ribosomal protein S6 

(p70-S6). The expression of the G protein-coupled receptors 41 and 43 (GPR41 and 

GPR43) on CD4+ T cells is reportedly low or undetectable. However, HDAC activity is 

possibly altered through receptor-mediated mechanisms. Acetate enhances Foxp3 
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and IL-10 expression in colonic Tregs (cTregs) but not those found in the spleen. Th1 

cell differentiation and IFN-γ are also not affected.   
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1.6 Indirect effects of SCFAs on T cells 

Apart from acting on T cells directly, microbiota-derived SCFAs can impact T 

cells indirectly by influencing other cell types and tissues that affect T cell priming, 

differentiation or memory development. This includes DCs which are central in 

initiating and coordinating both CD4+ and CD8+ T cell responses [227, 228]. The main 

subsets of DCs are conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs 

can be subdivided into type-1 cDCs (cDC1s) and type-2 cDCs (cDC2s). cDC1s 

perform antigen cross-presentation to MHC-I molecules and prime CD8+ T cells [229]. 

This subset consists of resident CD8+ DCs in lymphoid tissues and migratory CD103+ 

DCs from peripheral organs including the lungs and skin [230, 231]. cDC2s are a 

phenotypically and functionally heterogeneous subset that preferentially initiates 

conventional CD4+ T cell responses [232, 233]. 

 

In contrast to T cells where GPR43 expression is controversial, DCs are known 

to express high levels of GPR43 [184, 185]. This might explain some of the 

discrepancies between studies as SCFA-influenced DCs might have induced changes 

in T cell immunity rather than direct effects of SCFAs. Although the association 

between SCFAs and Th1 cells through DC-dependent effects is largely unresolved, 

the topic has been investigated in the context of Th2 cells and Tregs. A hallmark study 

by Trompette et al. demonstrated that SCFA levels altered bone marrow 

haematopoiesis and DC-mediated priming of Th2 cells [204]. In this house dust mite 

allergy model, low SCFA levels led to increased activation of lung cDC2s, whereas 

increased propionate concentrations led to a less activated phenotype. Propionate 

reduced the capacity of DCs to prompt Th2 responses, thereby protecting against 

allergic airway inflammation [204]. This was dependent on the expression of GPR41 

but not GPR43. As mentioned above, SCFAs were not detected in the lung itself. This 

demonstrated that peripheral SCFA levels altered CD4+ T cells indirectly by acting on 

DCs.  

 

Similar effects of SCFA have been observed in another DC subset, with results 

demonstrating that SCFA levels influence the proportion of CD103+ DCs in the gut 

draining lymph nodes [234]. Increased SCFA levels led to higher expression of key 

tolerogenic genes which correlated with an increased ability to convert naïve CD4+ T 
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cells into Tregs, resulting in reduced clinical symptoms after peanut allergy induction. 

In contrast, Ffar2−/− mice also showed exacerbated clinical symptoms. Together, these 

findings suggest that SCFAs can alter CD4+ T cell immunity through DC responses.  

 

SCFAs may also influence CD8+ T cell responses through DCs. A translational 

study by Coutzac and colleagues analysed SCFA levels in metastatic melanoma 

patients treated with anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

immunotherapy, a form of ICB [235]. Experiments in mice demonstrated that butyrate 

reduced the efficacy of CTLA-4 blockade, which correlated with lower DC maturation 

and CD8+ T cell priming. This hypothesis is in line with findings that butyrate blocks 

DC activation in vitro [236, 237]. Together, these data show that SCFAs can regulate 

CD4+ and CD8+ T cell immunity through T cell extrinsic effects.  

 

1.7 Harnessing SCFAs for cancer immunotherapies 

T cells play a major role in the pathogenesis and resolution of various 

conditions, including cancer. Through influencing T cell responses, SCFAs can skew 

disease outcomes. Although the ability of dietary fibre and SCFAs to alter disease 

outcomes has largely been autoimmune disease-focused [152, 162, 183, 201, 203, 

215, 221, 238], their effects have also been demonstrated in cancer. CD8+ T cells and 

Th1 cells are key effectors in tumour control [239, 240], with clinical studies 

highlighting their prognostic importance [241, 242]. Importantly, T cell-based 

immunotherapies such as ICB and CAR T cells show variable success between 

patients [243, 244]. As such, there is a need to understand the factors that may 

influence treatment outcomes. This section will focus on how SCFAs can modify anti-

tumour T cell responses. 

  

1.7.1 Altering gut microbiota composition  

The availability of SCFAs in the body is heavily reliant on the gut microbiome 

composition and diversity. A variety of studies have utilised techniques such as faecal 

transplants, antibiotic treatments, and specialised diets to investigate the diverse 

physiological effects of gut microbiota on cancer [121, 133, 245]. The intimate link 

between a fibre consumption, gut microbiome composition, SCFA availability, and 

immune control of cancer has been demonstrated in a small number of studies, as 
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summarised by Mirzaei et al. and Helmink et al. [246, 247]. However, the extent of T 

cell involvement is not well understood. 

 

A clear role of gut microbiota in shaping responses to cancer immunotherapy 

has been described by multiple groups. In a study assessing the association of 

microbiota species and melanoma patient responses to anti-PD-1 and anti-CTLA-4 

treatment, a greater abundance of Akkermansia muciniphila and Faecalibacterium 

prausnitzii was detected in responders than non-responders [248-251]. As these 

bacterial strains are butyrate producers [252, 253], it is possible that SCFA production 

influences anti-cancer responses. Frankel and colleagues additionally noted an 

enrichment in Bacteroides thetaiotamicron which supports the growth of butyrate-

producing bacterial strains through cross-feeding, the process of lactose fermentation 

that produces glucose and galactose for breakdown by SCFA producers [254]. A 

recent study of anti-PD-1 and anti-CTLA-4 ICB treatment responses in melanoma 

patients showed that higher fibre consumption was significantly associated with the 

abundance of Ruminococcacae, a family of SCFA producers [255]. Patients with 

Ruminococcacae-dominated gut microbiomes were more likely to respond to ICB, 

compared to those with Bacteroidaceae-dominated gut microbiomes [255]. 

Interestingly, patients with Bacteroidaceae-dominated gut microbiomes were less 

likely to encounter immune-related adverse events if they also possessed a high 

Ruminococcacae abundance [255]. This suggested a regulatory role of microbiota in 

responses induced by ICB. Similar to the previous study, melanoma patients with a 

comparably higher fibre consumption responded better to anti-PD-1 and possessed a 

significantly greater abundance of Ruminococcacae compared to non-responders 

[256]. The association between fibre intake and survival was recapitulated in pre-

clinical mouse models, where T cell receptor signalling pathways and T cell activation 

gene sets were enriched in high-fibre diet mice compared to their low-fibre diet 

counterparts [256].  

 

It could be argued that an enrichment of these commensals increases SCFA 

availability for T cells. Indeed, the abundance of Clostridiales, Ruminococcaceae or 

Faecalibacterium in patients receiving anti-PD-1 was positively correlated with 

cytokine-producing CD4+ and CD8+ T cells [248]. Mice colonised with fecal microbiota 

transplants (FMTs) from ICB non-responders were further supplemented with 



 37 

Akkermansia muciniphila, increasing CD4+ T cell recruitment into tumours and 

overcoming ICB resistance [249]. Synergy between SCFA-producer Bifidobacterium 

bifidum K57 and anti-PD-1 treatment increased IL-2 expression by CD4+ TILs and 

favoured the formation of effector CD4+ T cells over Tregs [257, 258]. Transferring 

faecal contents containing elevated Bifidobacteriaceae operational taxonomic units 

(OTU) or a defined consortium of gut bacteria consisting of Faecalibacterium, 

Bacteroidetes and Fusobacterium promoted CD8+ T cell IFN-γ expression and, 

induced improved ICB responses in mice [245, 257, 259]. Interestingly, the majority of 

the beneficial bacteria strains identified were known producers of SCFAs [132, 133, 

260]. In a clinical study, Faecalibacterium was additionally positively correlated to 

better antigen presentation in the tumour microenvironment, suggesting that indirect 

effects on T cells may be another mechanism by which microbiota regulates host 

responses to cancer [248].  

 

The gut microbiome has been shown to be highly variable from day-to-day and 

between individuals [261]. While dietary changes can cause alterations in gut 

microbiome composition, it is unknown whether these changes are permanent due to 

a lack of long-term human studies [262]. FMTs can alter microbiota composition, but 

their success is in part dependent on antibiotic treatments that are required to create 

a niche. A few caveats of antibiotic treatment include the selection of antibiotic-

resistant organisms [263, 264] and an altered gut metabolome such as arginine and 

secondary bile acid availability which have immunomodulatory effects [265, 266]. As 

such, direct administration of SCFAs may be a better alternative to alter the availability 

of these metabolites. 

 

1.7.2 Direct SCFA treatment 

SCFAs have been a subject of study in several pre-clinical cancer models, 

where they improved anti-tumour T cell responses [123, 187, 267]. Intraperitoneal 

injection of acetate into EL4 tumour inoculated mice improved IFN-γ production by 

CD8+ T cells and tumour control, partially through ACSS2, an enzyme that converts 

acetate to acetyl-CoA [187]. Additionally, the use of SCFAs has been tested in CAR T 

cell therapy. Both butyrate and pentanoate-treated CAR T cells produced more IFN-γ 

and TNF-α in pre-clinical melanoma and pancreatic cancer models [123]. Improved 
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proliferation and/or survival were indicated by higher frequencies of pentanoate-

treated cells, likely through greater IL-2 autocrine signalling and in vivo proliferation 

[123]. This suggests that incorporating SCFAs such as pentanoate into the CAR T cell 

manufacturing process may improve current treatment regimens [123].  

 

Contrary to the beneficial application of SCFAs in immunotherapy, the 

immunosuppressive ability of certain SCFAs has been shown to hinder anti-tumour 

therapy. As described in detail above, Coutzac and colleagues showed that oral 

butyrate administration reduced the efficacy of anti-CTLA-4 ICB in a murine CT26 

colon carcinoma model by limiting DC maturation and memory CD4+ T cell formation 

[235]. The discordance in SCFA efficacy in improving T cell responses may rest in 

differences in administration routes, tumour models and type of immunotherapy 

tested. Great potential exists for SCFAs to be introduced into therapeutic treatment 

regimes, but rigorous testing and optimisation is required to ensure that possible 

tolerogenic effects are minimised in therapies aimed at improving pro-inflammatory 

effector T cell responses.  

 

Immunotherapies, such as ICB and CAR T cell therapy, have shown major 

successes in controlling cancer even in patients at advanced disease stages [244, 

268]. However, there remains a critical medical need to optimise these therapies in 

order to improve response rates. The direct and indirect influences of SCFAs on T cell 

differentiation and function could serve as a potential avenue to optimise these 

therapies. For example, SCFAs administered as a supplement in existing treatments. 

Notably, there is a lack of data studying causative relationships between SCFAs and 

T cells in the context of cancer. This presents the potential for further exploration into 

therapeutic uses of SCFAs for CD4+ and CD8+ T cell anti-tumour immunity. 

 

1.8 Thesis aims 

T cell fate decisions are underpinned by widescale differences in 

transcriptional, epigenetic and metabolic profiles which determine the effector function 

and longevity of cells. Importantly, SCFAs can directly alter CD8+ and CD4+ T cell 

responses through the complex interplay between epigenetic, metabolic and receptor-

mediated mechanisms. While various groups have shown that SCFAs improved CD8+ 
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T cell cytokine production [151, 181], a study by our team has indicated that their 

differentiation was also skewed [31]. Interestingly, GPR41 and GPR43 signalling was 

required for optimal memory T cell recall responses, which calls into question if SCFA 

receptor signalling influences CD8+ T cell priming. Furthermore, SCFAs can modify 

anti-inflammatory Treg and pro-inflammatory helper CD4+ T cell responses [124, 173, 

183]. Considerable attention has been placed on Tregs to date, but SCFA 

mechanisms in cytotoxic CD4+ T cell and Th1 immunity are not as well characterised. 

Understanding how SCFAs skew T cell stemness and functionality is key in their 

therapeutic application. While SCFAs have been rigorously studied in the context of 

autoimmunity, their role in improving T cell-mediated anti-cancer responses is still 

relatively unexplored. Given the multi-faceted effects of SCFAs in Th1 and CD8+ T 

cells, their application in cancer immunotherapies such as CAR T cell therapy may 

hold great potential. 

 

The aims of this project are the following: 

1. Characterise the role of the SCFA receptors GPR41 and GPR43 in CD8+ T cell 

priming to understand their effects on T cell differentiation and function upon 

viral infection (Chapter 3). 

2. Establish the role of the SCFA butyrate in CD4+ T cell differentiation and 

function by studying the contributions of SCFA-mediated mechanisms including 

SCFA receptors and SCFA-induced metabolic and epigenetic modifications 

(Chapter 4). 

3. Explore the therapeutic application of butyrate in improving CD4+ and CD8+ T 

cell stemness and anti-tumour effector function in CAR T cell therapy (Chapter 

5). 
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Chapter 2 Materials and Methods 

 

2.1 Materials 

2.1.1 Mice 

Table 2.1 Experimental mouse strains. 

Strain Description Source Publication 

C57BL/6J (B6) Mice that express MHC-I H-

2b and MHC-II I-Ab and the 

congenic marker Ly5.2. 

The Jackson 

Laboratory 

[269] 

gDT-II × Ly5.1 

(gDT-II.Ly5.1) 

Mice generated on a B6 

background that express the 

congenic marker Ly5.1 and a 

I-Ab-restricted T cell receptor 

(Va3.2 Ja16/Vb2 

Db2.1Jb2.1) specific for 

HSV-1-derived glycoprotein 

D peptide (gD315-327, 

IPPNWHIPSIQDA). 

Heath 

Laboratory, PDI 

[231] 

gDT-II × 

B6.Prf1–/– 

(gDT-II.Prf1–/–) 

gDT-II mice that lack 

expression of perforin due to 

gene deletion. 

Gebhardt 

Laboratory, PDI 

 

gBT-I × Ly5.1 

(gBT-I.Ly5.1) 

Mice generated on a B6 

background that express the 

congenic marker Ly5.1 and a 

H-2Kb restricted transgenic 

TCR specific for the HSV-1 

glycoprotein B peptide 

(gB498-505, SSIEFARL) 

PDI [270] 

B6.Ffar2–/–; 

Ffar3–/– 

(Ffar2–/–; 

Ffar3–/–) 

Mice generated on a B6 

background that lack 

expression of GPR41 and 

GPR43. 

Provided by S. 

Offermanns 

 

 

[271] 
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B6.Cg-

Pds5bTg(Wap-

ERBB2)229Wzw/J 

(C57BL/6 

hHER2) 

Transgenic mice generated 

on a B6 background, which 

express the human ERBB2 

(HER2) gene in mammary 

gland and brain, are tolerant 

to the ERBB2 antigen. 

The Jackson 

Laboratory 

 

[272] 

 

All mice listed above were bred and maintained in specific pathogen-free 

conditions in the Bioresources Facility in the Department of Microbiology and 

Immunology at the University of Melbourne, with the exception of B6.Cg-Pds5bTg(Wap-

ERBB2)229Wzw/J mice and B6 mice used in CAR T cell experiments that were bred at the 

PMCC. Mice were housed in ventilated cages, in 12-hour light/dark cycles, and 

received sterile food and water ad libitum. All mice were female and aged between 6 

and 13 weeks of age at the beginning of experiments, unless otherwise stated. All 

animal experiments were approved by the University of Melbourne Animal Ethics 

Committee (animal ethics numbers 1814545 and 24625) and PMCC Animal 

Experimentation Ethics Committee (animal ethics number E671), and complied with 

the Prevention of Cruelty to Animal Act (1986) and the National Health and Medical 

Research Council (NHMRC) Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes (1997). 

 

 

2.1.2 Cell lines 

Table 2.2 Cell lines for tumour and infection models. 

Cell line Origin Description Source/Publication 

B16F10.gD.eGFP 

(B16.gD) 

Mouse 

melanoma 

B16F10 melanoma cell 

line retrovirally 

transduced with a 

construct containing 

HSV-1-derived gD and 

enhanced green 

fluorescent protein 

(eGFP). Gene products 

Waithman 

laboratory, 

Telethon Kids 

Institute, University 

of Western 

Australia 
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are expressed 

independently. 

B16F1.gB.GFP 

(B16.gB) 

Mouse 

melanoma 

B16 melanoma cell line 

expressing full length 

membrane bound gB and 

green fluorescent protein 

(GFP) under control of 

the early cytomegalovirus 

(CMV) promoter. 

Waithman 

laboratory, 

Telethon Kids 

Institute, University 

of Western 

Australia 

[101] 

E0771.HER2 Murine 

mammary 

cancer 

E0771 cell line 

expressing a truncated 

form of the human HER2 

protein [273]. 

Prof. Robin 

Anderson, Olivia-

Newton John 

Cancer Centre 

Heidelberg, Victoria, 

Australia 

[274] 

Vero cells African 

green 

monkey 

kidney 

epithelial 

cells 

A cell line that is 

susceptible to HSV-1 

infection, resulting in 

apoptosis. 

CSL, Parkville, 

Australia 

[275] 

GP+E-86-LXSN Mouse 

fibroblast 

A cell line that was 

transformed with Moloney 

murine leukemia virus 

(MoMLV) gag, pol, and 

env. The retroviral 

GP+E-86 cell line was 

used to package LXSN-

mouse CAR plasmids 

encoding the anti-HER2 

scFv-CD28-CD3ζ CAR T 

construct. 

American Type 

Culture Collection 

(ATCC) 

[276] 
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PG13 Mouse 

fibroblast 

A cell line that was 

transformed with MoMLV 

gag-pol and Gibbon ape 

leukemia virus env. The 

retroviral PG13 cell line 

was used to package the 

pSAMEN retroviral vector 

containing humanized 

anti-Lewis Y antigen 

(LeY) scFv-CD28-CD3ζ 

receptor as described by 

[277]. 

ATCC 

[278] 

 

B16.gB and B16.gD cells were generated by transduction of parental B16 cell 

lines with retroviral vectors containing a full-length membrane bound form of HSV gB 

and eGFP or full-length membrane bound form of HSV gD and eGFP respectively, as 

previously described [279]. E0771.HER2 was generated through retroviral 

transduction of the parental E0771 cell line, to express the human-HER2 antigen 

under the control of the mouse stem cell virus LTR promoter.  

 

 

2.1.3 Virus 

Table 2.3 Viral strain for mouse infections. 

Virus Description Source Publication 

HSV-1 KOS HSV-1 strain 

possessing a reduced 

virulence 

F.R. Carbone, 

University of 

Melbourne 

[280] 
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2.1.4 Peptides and recombinant proteins 

Table 2.4 Peptides and recombinant proteins for T cell cultures. 

Peptide and recombinant proteins Source 

HSV-1-derived gB498-505 

(Sequence: SSIEFARL) 

Auspep, Australia 

HSV-1-derived gD315-327 

(Sequence: IPPNWHIPSIQDA) 

Auspep, Australia 

Recombinant human IL-2 Peprotech Inc., USA 

Recombinant murine IL-7 Peprotech Inc., USA 

Recombinant murine IL-12 p70 Peprotech Inc., USA 

 

 

2.1.5 Enzymes 

Table 2.5 Enzymes for organ digestions. 

Enzyme Source 

Trypsin/EDTA (10 X; 0.5% trypsin, 0.2% 

EDTA) 

Sigma Aldrich, USA 

Collagenase Type III Worthington, USA 

Deoxyribonuclease (DNase) I Roche, Germany 

Liberase™ TL Research Grade Sigma-Aldrich, USA 

Dispase II (neutral protease, grade II) Roche, Switzerland 

 

 

2.1.6 Reagents for RT-qPCR  

Table 2.6 Reagents for RT-qPCR. 

Reagent Source 

Direct-zolTM RNA MicroPrep kit Zymo Research, USA 

Taqman Universal PCR Master Mix Life Technologies, USA 

Omniscript RT kit Qiagen, Germany 

Oligo-dT primers Promega, USA 

RNaseOUTTM Recombinant 

Ribonuclease Inhibitor 

Thermo Fisher Scientific, USA 
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Table 2.7 Primers for Taqman RT-qPCR. 

Gene target Assay ID Source 

Ffar2 Mm02620654_s1 Life Technologies, USA 

Ffar3 Mm02621638_s1 Life Technologies, USA 

Hcar2 Mm01199527_s1 Thermo Fisher 

Scientific, USA 

Gapdh Mm99999915_g1 Life Technologies, USA 

B2m Mm00437762_m1 Life Technologies, USA 

 

 

2.1.7 Reagents for western blotting 

Table 2.8 Reagents for western blotting. 

Reagent Source 

RIPA lysis buffer Merck, USA 

PhosSTOP Merck, USA 

Complete protease inhibitor cocktail Roche, Switzerland 

NuPAGE MOPS SDS running buffer Invitrogen, USA 

Tween-20 Sigma-Aldrich, USA 

Precision Plus protein dual color 

standards 

Bio-Rad, USA 

Invitrogen novex ECL 

Chemiluminescent Substrate Reagent 

Kit 

Thermo Scientific, USA 

 

 

2.1.8 Antibodies, tetramers and dyes 

Table 2.9 Antibodies for naïve CD4+ T cell enrichment. 

Purified rabbit anti-mouse Clone 

Anti-erythrocyte Ter119 

Anti-I-A/E M5114 
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Anti-CD8 53-6.7 

Anti-GR-1 RB6-8C5 

Anti-Mac-1 M1/70 

Anti-F4/80 F4/80 

 

All antibodies for CD4+ T cell enrichment were made by the Walter and Eliza 

Hall Institute of Medical Research (WEHI) Antibody Facility, Australia. 

 

 

Table 2.10 Antibodies for in vitro stimulation and polarisation of T cells. 

Antibody Clone Supplier 

Anti-human CD3 functional 

grade 

OKT3 Thermo Fisher Scientific, USA 

Anti-mouse CD3ε functional 

grade 

17A2 Thermo Fisher Scientific, USA 

Anti-mouse CD28 functional 

grade 

37.51 Thermo Fisher Scientific, USA 

Anti-mouse IL-4 S4B6 WEHI Antibody Facility, 

Australia 

 

 

Table 2.11 Antibodies for western blotting. 

Antibody Clone Source 

Anti-acetyl-histone H3 Polyclonal Sigma-Aldrich, USA 

Anti-acetyl-histone H4 (acetyl 

K5 + K8 + K12 + K16) 

EPR16606 Abcam, UK 

Anti-histone H3 D1H2 Cell Signalling Technology, 

USA 

Anti-β-actin 13E5 Cell Signalling Technology, 

USA 

Anti-Sp1 Polyclonal Thermo Fisher Scientific, USA 
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Table 2.12 Antibodies for immune checkpoint blockade therapy. 

Antibody Clone Source 

Anti-PD-1 RMP1-14 Thermo Fisher Scientific, USA 

Rat IgG2a Isotype Control 2A3 Thermo Fisher Scientific, USA 

 

 

Table 2.13 Antibodies and dyes for flow cytometry. 

Name Conjugate Clone Source Cat. # Dilution 

Bcl-6 FITC 7D1 BioLegend, USA 358513 1:100 

CD103 PacB 2E7 BioLegend, USA 121418 1:100 

CD11b BV711 M1/70 BioLegend, USA 101242 1:100 

CD11c PE-Cy7 N418 eBioscience, 

USA 

25-0114-82 1:400 

CD127 APC A7R34 eBioscience, 

USA 

17-1271-82 1:100 

CD127 PE-Cy7 A7R34 BioLegend, USA 135014 1:200 

CD178 

(FasL) 

BV421 MFL3 BD OptiBuild, 

USA 

740054 1:100 

CD19 PerCP-

Cy5.5 

1D3 BD Pharmingen, 

USA 

551001 1:100 

CD24 PE M1/69 BD Pharmingen, 

USA  

553262 1:200 

CD25 APC-Cy7 PC61 BD Pharmingen, 

USA  

557658 1:100 

CD25 eFluor450 PC61.5 eBioscience 48-0251-82 1:100 

CD279 

(PD-1) 

APC RMP1-30 BioLegend, USA 109112 1:100 

CD279 

(PD-1) 

PE-Cy7 J43 eBioscience, 

USA 

25-9985-82 1:200 

CD326 APC-

eFluor780 

G8.8 BioLegend, USA 118218 1:200 
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CD3ε PerCP-

Cy5.5 

145-2C11 Life Research, 

Australia 

45-0031-82 1:100 

CD4 AF700 RM4-5 BD Pharmingen, 

USA 

557956 1:100 

CD4 APC RM4-5 BD Pharmingen, 

USA  

553051 1:100 

CD4 BUV805 GK1.5 BD Horizon, USA  20-0041-

U025 

1:200 

CD40 FITC HM40-3 BD Pharmingen, 

USA  

553723 1:100 

CD44 AF700 IM7 eBioscience, 

USA 

56-0441-82 1:100 

CD44 BV510 IM7 BD Horizon, USA 563114 1:100 

CD44 PerCP-

Cy5.5 

IM7 eBioscience, 

USA 

45-0441-82 1:400 

CD45.1 APC A20 eBioscience, 

USA 

17-0453-82 1:100 

CD45.1 BV711 A20 BD Horizon, USA 563982 1:100 

CD45.1 FITC A20 BD Pharmingen, 

USA  

553775 1:200 

CD45.2 APC-eFluor 

780 

104 eBioscience 47-0454-82 1:100 

CD45.2 BUV737 104 BD Horizon  612778 1:200 

CD45.2 FITC 104 BD Pharmingen 553772 1:100 

CD45.2 PacB 104.2 WEHI, Australia 104.2-1 1:200 

CD45R 

(B220) 

PerCP-

Cy5.5 

RA3-6B2 eBioscience, 

USA 

45-0452-82 1:200 

CD62L FITC MEL-14 BD Pharmingen  553150 1:200 

CD62L PE-Cy7 MEL-14 eBioscience, 

USA 

25-0621-82 1:500 

CD69 BV421 H1.2F3 BioLegend, USA 104528 1:100 

CD83 PE Michel-17 eBioscience, 

USA 

12-0831-80 1:100 
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CD86 BV510 GL1 BD Horizon, USA 563077 1:100 

CD8a APC 53-6.7 eBioscience, 

USA 

17-0081-82 1:100 

CD8a BUV805 53-6.7 BD Biosciences, 

USA 

612898 1:200 

CD8a BV711 53-6.7 BioLegend, USA 100748 1:200 

CD8a PacB 53-6.7 BD Pharmingen 558106 1:200 

CXCR3 BV510 CXCR3-

173 

BioLegend, USA 126527 1:100 

CXCR5 APC L138D7 BioLegend, USA 145506 1:100 

Eomes PercP-

eFluor710 

Dan11ma

g 

eBioscience, 

USA 

46-4875-82 1:100 

Fc block 

(CD16/32) 

- 2.4G2 BD Biosciences, 

USA 

553141 1:200 

FoxO1 PE C29H4 Cell Signalling 

Technology, USA 

14262 1:200 

Foxp3 eFluor450 FJK-16s eBioscience, 

USA 

48-5773-82 1:200 

GATA-3 PE-Cy7 TWAJ eBioscience, 

USA 

25-9966-41 1:200 

Granzyme 

B 

FITC GB11 BioLegend, USA 515403 1:100 

IFN-γ PE-Cy7 XMG1.2 BD Pharmingen, 

USA 

557649 1:200 

KLRG1 APC 2F1 eBioscience, 

USA 

17-5893-82 1:100 

KLRG1 BB700 2F1 BD OptiBuild, 

USA 

742199 1:100 

KLRG1 BV711 2F1 BioLegend, USA 138427 1:100 

KLRG1 FITC 2F1 eBioscience, 

USA 

11-5893-82 1:100 
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LIVE/ 

DEAD 

Fixable 

Near-IR 

Dead Cell 

Stain Kit 

for 633 or 

635 nm 

excitation  

- - Life 

Technologies, 

Australia 

L10119 1:600 

Ly6C AF700 HK1.4 BioLegend, USA 128024 1:100 

MHC-II AF700 M5/114.1

5.2 

eBioscience, 

USA 

56-5321-82 1:100 

NK1.1 PerCP-

Cy5.5 

PK136 BD Pharmingen, 

USA 

551114 1:200 

Normal 

mouse 

serum 

- - eBioscience, 

USA 

24-5544-94 1:50 or 

1:200 

Normal rat 

serum 

- - ThermoFisher 

Scientific, USA 

31888 1:50 or 

1:200 

Perforin PE S16009A BioLegend, USA 154306 1:200 

T-bet APC REA102 Miltenyi Biotec, 

Germany 

130-119-

783 

1:100 

TCF-1 AF488 C63D9 Cell Signalling 

Technology, USA 

6444S 1:100 

TCRb BV510 H57-597 BD Horizon, USA 563221 1:100 

TNF-α APC MP6-

XT22 

BD Pharmingen, 

USA  

554420 1:100 

Va2 AF700 B20.1 BD Pharmingen, 

USA  

561239 1:100 

Va2 BV421 B20.1 BD Horizon, USA  562944 1:100 

Va2 PE-Cy7 B20.1 BD Pharmingen, 

USA 

560624 1:400 

Va3.2 FITC RR3-16 BioLegend, USA 135406 1:100 
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Va3.2 PE RR3-16 BioLegend, USA 135403 1:400 

XCR1 AF647 ZET BioLegend, USA 148214 1:100 

 

 

2.1.9 Tetramer 

Table 2.14 Tetramer for flow cytometric analyses. 

Tetramer Fluorochrome Source 

H2-Kb-gB 

SSIEFARL 

PE Dr Jie Lin, University of Melbourne, 

Australia 

 

 

2.1.10 Metabolic probes  

Table 2.15 Metabolic probes for flow cytometric analyses. 

Probe Colour/Fluorescence Dilution Source 

Mitotracker Deep Red 1:25000 Thermo Fisher 

Scientific, USA 

Tetramethylrhodamine 

methyl ester (TMRM) 

Orange 1:500 Life Technologies, 

Australia 

 

 

Table 2.16 Blocking antibodies for real-time propidium iodide incorporation 

assays. 

Antibody Clone Source 

Anti-IFN-γ AN-18 Thermo Fisher Scientific, USA 

Anti-FasL MLF3 BioLegend, USA 

 

 

2.1.11 Chemicals and reagents 

Table 2.17 Chemicals and reagents. 

Chemicals Source 

2-mercaptoethanol (2-ME) Life Technologies, USA 
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Agarose Sigma-Aldrich, USA 

Benzylpenicillin CSL, Australia 

BioMag goat anti-rat IgG beads Qiagen, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, USA 

Brefeldin A (BFA) Sigma-Aldrich, USA 

DAPI (4′,6-diamidino-2-phenylindole) BioLegend/Australian Biosearch, 

USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

E. coli lipopolysaccharide (LPS) Sigma-Aldrich, USA 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, USA 

Ficoll-plaque plus GE Healthcare, USA 

Fetal calf serum (FCS) (heat-inactivated)  CSL, Australia 

Formaldehyde solution Science Supply Australia Pty Ltd., 

Australia 

FoxO1 inhibitor, AS1842856 Calbiochem, USA 

N-2-hydroxyethylpiperazine-N’-2-ethane 

sulfonic acid (HEPES) 

Sigma-Aldrich, USA 

Ionomycin Sigma-Aldrich, USA 

Isoflurane Cenvet, Australia 

Ketamine Parnell Laboratories, Australia 

L-glutamine Thermo Fisher Scientific, USA 

Matrigel basement membrane matrix Corning, USA 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich, USA 

Propidium iodide (PI) Sigma-Aldrich, USA 

Red blood cell (RBC) lysis buffer Sigma-Aldrich, USA 

RetroNectin Takara Bio Inc., Japan 

Sodium acetate Sigma-Aldrich, USA 

Sodium butyrate Sigma-Aldrich, USA 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich, USA 

Sodium propionate Sigma-Aldrich, USA 

Sphero blank calibration beads (6.0 – 6.4 μM) BD Bioscience, USA 

Streptomycin Sigma-Aldrich, USA 

Toluidine blue Sigma-Aldrich, USA 
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Trichostatin A (TSA) Sigma-Aldrich, USA 

Triton X-100 Sigma-Aldrich, USA  

TRIzol Life Technologies, USA 

Trypan Blue Sigma-Aldrich, USA 

 

 

2.1.12 Media and solutions 

Table 2.18 Composition of media and solutions. 

Media/solution Composition 

CD4 isolation buffer Phosphate buffered saline (PBS) 

supplemented with 2% FCS and 2 mM 

EDTA. 

Dulbecco’s Phosphate Buffered 

Saline (DPBS) 

A balanced salt solution lacking calcium 

and magnesium. 

KDS-RPMI – 2% FCS (KDS-

RPMI-2) 

Roswell Park Memorial Institute Buffer 

(RPMI)-1640 powder dissolved to 1X 

strength in MilliQ water supplemented with 

2% FCS. 

MEM – 2% FCS (MEM-2) Minimal essential medium (MEM) 

supplemented with 2% FCS. 

MEM – 10% FCS (MEM-10) MEM supplemented with 10% FCS and 5% 

supplementum completum (SC). 

PBS-EDTA – 10% BSA 

(Fluorescence activated cell sorting 

buffer; FACS buffer) 

PBS supplemented with 10% w/v BSA and 

5 mM EDTA. 

RIPA buffer mix RIPA buffer with 10% 1X PhosSTOP and 

4% 1X Complete Protease Inhibitor 

Cocktail. 

RPMI-1640 – 10% FCS (RP-10) RPMI-1640 supplemented with 5% SC and 

10% heat-inactivated FCS. 

SC 23.83 g/L HEPES; 2 × 106 units (U)/L 

benzylpenicillin; 2 g/L streptomycin; 6 g/L L-

glutamine; 1 mM 2-ME. 
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Western blot blocking solution Tris-buffered saline (TBS) or PBS with 

50 g/L BSA and 0.1% Tween-20. 

Western blot sample buffer 350 mM Tris (pH 6.8) with 10.3% v/v SDS, 

36% v/v glycerol, 5% 2-ME and 0.0012% 

bromophenol blue. 

 

KDS-RPMI, PBS, MEM, RPMI-1640 and TBS were prepared by the Media 

Preparation Unit, Department of Microbiology and Immunology, The University of 

Melbourne, Australia. DPBS was obtained from Thermo Fisher Scientific, USA. 

 

 

2.1.13 Commercially available kits 

Table 2.19 Commercially available kits. 

Kit Source 

Cytofix/Cytoperm Fixation/Permeabilization Solution Kit BD Biosciences, USA 

Dynabeads Flowcomp Mouse CD4 Invitrogen, USA 

Foxp3/Transcription Factor Staining Buffer Set eBioscience, USA 

RNeasy MicroKit Qiagen, Germany 

 

 

2.1.14 Consumables 

Table 2.20 Laboratory consumables and materials. 

Reagents and materials Supplier 

1 mL syringe Terumo, Australia 

10 mL syringe Terumo, Australia 

18G needle Terumo, Australia 

24 well flat bottom tissue culture plate Corning, USA 

26G needle Terumo, Australia 

3 mL syringe Terumo, Australia 

48 well flat bottom tissue culture plate Corning, USA 

6 well flat bottom tissue culture plate Corning, USA 
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96 well flat bottom black polystyrene 

microplate 

Corning, USA 

96 well U bottom clear polystyrene 

microplate 

Corning, USA 

96 well V bottom clear polystyrene 

microplate 

Corning, USA 

Cell strainer, 70 μm Miltenyi Biotec, Germany 

Cotton tip applicator Livingstone, Australia 

Goat anti-rat IgG magnetic beads Qiagen, Germany 

Lacri-lube lubricating eye gel Allergen Australia, Australia 

Micropore surgical tape 3M, USA 

Op-Site Flexigrid Smith and Nephew, UK 

Polypropylene round-bottom FACS 

tubes (5 ml) 

BD Bioscience, USA 

Tissue culture flask, T150 Corning, USA 

Tissue culture flask, T25 Corning, USA 

Tissue culture flask, T75 Corning, USA 

Tissue culture petri dish (90 mm) Greiner Bio-One, Germany 

Trans-Blot Turbo Mini 0.2 μm 

nitrocellulose transfer membrane 

Bio-Rad, USA 

Transpore surgical tape 3M, USA 

Veet Reckitt Benckiser, UK 

 

 

2.1.15 Laboratory equipment 

Table 2.21 Equipment 

Equipment Supplier 

Allegra X-12R Centrifuge Beckman Coulter, USA 

Amersham Imager 600 GE Healthcare Life Sciences, USA 

Centrifuge 5424R Eppendorf, Germany 

Dremel (grindstone attachment) Demel, USA 

DynaMag-5 magnet Thermo Fisher Scientific, USA 

EasySep magnet STEMCELL Technologies, Canada 
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Electric shaver Wahl, USA 

Finnpipette Thermo Fisher Scientific, USA 

Force Mini Microcentrifuge Fisher Biotec, Australia 

Forceps Australian Entomological Supplies, 

Australia 

Homogeniser (PT 1200 E) Polytron, Australia 

Inverted microscope CKX31 Olympus Lifescience, Japan 

LSRFortessa cell analyser BD Bioscience, USA 

NanoDrop 2000 Spectrophotometer Thermo Fisher Scientific, USA 

Neubauer Improved Brightline 

haemocytometer 

Optik Labor, UK 

S@fegrow 188 CO2 Incubator EuroCloneBioair, Italy 

S@femate 1.2 Vision Class II Biological 

Safety Cabinet 

Laftech, Australia 

Scalpel Livingstone, Australia 

Sissors Australian Entomological Supplies, 

Australia 

SWB24D Digital Water Bath Stuart 

Upright microscope CX23 Olympus Lifescience, Japan 

Vortex mixer VM1 Ratek Instruments, Australia 

Wallac Wizard 1470 PerkinElmer, USA 
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2.2 Methods 

2.2.1 Cell preparation and tissue culturing 

2.2.1.1 Enrichment of gDT-II cells and polyclonal CD4+ T cells 

Spleens and lymph nodes from naïve gDT-II, GPR41/GPR43-deficient (Ffar2–/–; 

Ffar3–/–) or B6 mice were harvested into ice cold RP-10 and single cell suspensions 

were produced by meshing the organs through 70 μm cell strainers. Cells were 

washed in PBS and resuspended in RBC lysis buffer for 3 minutes. Cells were washed 

again in PBS supplemented with 2% FCS and 2 mM EDTA (CD4 isolation buffer), then 

enriched for CD4+ T cells using magnetic beads. Negative enrichment was first 

performed by incubating the cells on ice for 30 minutes in CD4+ T cell enrichment 

cocktail consisting of purified rat mAbs anti-F4/80, anti-Mac-1 (M1/70), anti-I-A/E 

(M5114), anti-GR-1 (RB6-8C5), anti-erythrocyte (TER-119) and anti-CD8 (53-6.7). 

After washing in isolation buffer, cells were incubated for 20 minutes on a roller at 4 °C 

with 6 mL pre-washed goat anti-rat IgG-coupled magnetic beads (approximately 8 

beads per cell). Bead-bound cells were removed using a magnetic column and the 

supernatant containing CD4+ T cells was collected for positive enrichment. For positive 

enrichment, cells were incubated with anti-CD4 (Dynabeads Flowcomp mouse CD4 

kit) for 15 minutes on ice. Dynabeads were added and the mixture was incubated for 

20 minutes on a roller at 4 °C. Bead-bound cells were collected using a magnetic 

column and resuspended in release buffer for incubation on a roller for 20 minutes at 

room temperature. The suspension was placed on a magnetic column, and the 

supernatant containing the released cells was collected according to the 

manufacturer’s instructions.  

 

2.2.1.2  Activation of gDT-II cells 

For activation with peptide-pulsed splenocytes, naïve B6 splenocytes were 

pulsed with 5 μM gD315-327 peptide for 45 minutes in a 37 °C water bath. gDT-II cells 

were enriched from lymph nodes and the spleen as described previously, and co-

cultured with pulsed B6 splenocytes in RPMI-1640 media supplemented with 10% 

FCS, 5 mM HEPES, 2 mM L-glutamine, 50 U/ml penicillin, 100 mg/mL streptomycin 

and 0.05 mM 2-ME (RP-10) with 0.15 mg/mL LPS. In certain experiments, gDT-II cells 

were polarised into Th1 cells by the addition of 20 ng/mL IL-12 and 10 μg/mL IL-4 

blocking antibody into culture media on the day of activation.  
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gDT-II cells were cultured in RP-10. Cells in T75 flasks were split daily with 

20 mL RP-10 and supplemented with 12.5 U/mL human recombinant IL-2, starting 

from day 2 post-activation. Cells were maintained for 6 days in an incubator at 37 °C, 

6.5% CO2.  

 

2.2.1.3 Activation of polyclonal CD4+ T cells 

For the polyclonal activation of CD4+ T cells, 0.5 mL PBS containing anti-CD3ε 

(5 mg/mL) and anti-CD28 (5 mg/mL) was incubated in 24 well plates overnight at 4 °C, 

protected from light. Wells were washed twice with PBS. CD4+ T cells were enriched 

for, as described in Section 2.2.1.2. Enriched cells were seeded into wells with plate-

bound anti-CD3ε and anti-CD28 at a concentration of 1 – 2 × 106 cells/mL RP-10. 

CD4+ T cells were split daily with 1 mL RP-10 and supplemented with 12.5 U/mL 

human recombinant IL-2, starting from day 2 post-activation. Cells were kept in a 6.5% 

CO2 incubator at 37 °C. 

 

2.2.1.4 Activation of gBT-I cells  

Spleens from naïve gBT-I mice were harvested to and meshed through 70 μm 

cell strainers to produce single cell suspensions. Naïve B6 splenocytes were pulsed 

with gB498-505 peptide for 45 minutes in a 37 °C water bath. For activation with peptide-

pulsed splenocytes, gBT-I cells were co-cultured with pulsed splenocytes at an 

approximate ratio of 1:1 in RP-10 with 0.15 mg/mL LPS. Cells in T75 flasks were split 

daily with 20 mL RP-10 and supplemented with 12.5 U/mL human recombinant IL-2, 

starting from day 2 post-activation. Cells were kept in a 6.5% CO2 incubator at 37 °C. 

 

2.2.1.5 B16 cell passaging 

B16.gB and B16.gD melanoma cell lines were cultured in RP-10. Every 2 to 3 

days, supernatant was aspirated and cells were washed gently with 5 mL PBS. Cells 

were dislodged from the T175 flask using 1X trypsin and split in RP-10. Flasks were 

placed lying down in a 6.5% CO2 incubator at 37 °C. 

 

2.2.1.6 SCFA treatment of T cells 

Sodium butyrate, sodium propionate, and sodium acetate were dissolved in PBS 

and filter-sterilised. T cells were treated with 0.5 mM SCFAs or at the concentrations 
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otherwise stated, starting on day 2 (for adoptive transfer experiments) or day 3 (for in 

vitro analysis) post-activation. 

 

2.2.1.7 Trichostatin A treatment of T cells 

In certain experiments, CD4+ T cells were treated with pan-histone deacetylase 

inhibitor TSA. TSA was prepared as per manufacturer’s instructions, and further 

diluted in PBS for a final concentration of 5 nM to 15 nM. 

 

2.2.1.8 FoxO1 inhibitor treatment of T cells 

In certain experiments, the transcription factor FoxO1 was inhibited in CD4+ T 

cells using AS1842856. AS1842856 was prepared according to the manufacturer’s 

instructions and further diluted in PBS for a final concentration of 0.1 to 1 µM. 

 

2.2.2 Generation of CAR T cells 

2.2.2.1 Murine anti-HER2 CAR T cells 

For activation, naïve splenocytes from B6 mice were treated with red cell lysis 

buffer and resuspended in RP-10 containing anti-CD3ε (0.5 mg/mL), anti-CD28 (0.5 

mg/mL), IL-2 (100 U/mL) and IL-7 (200 pg/mL). Cells were cultured at a concentration 

of 5  106 cells/mL in 6 well flat bottom tissue culture plates at 37 °C, 5% CO2 for 24 

hours.  

 

T cells were harvested from plates and centrifuged once in PBS. The cells were 

resuspended in 20 – 30 mL RP-10 and gently laid over 15 mL Ficoll-plaque Plus, 

followed by centrifugation at 1400 RPM for 10 minutes with acceleration 3, 

deceleration 3. T cells suspended in the interface were collected. To remove any 

remaining Ficoll-plaque, the collected cells were centrifuged twice in media. 

RetroNectin (10 μg/ml) was prepared by plating 1.5 mL RetroNectin (10 μg/mL) diluted 

in PBS in 6 well non-tissue culture treated plates, followed by overnight incubation at 

4 °C.  

 

To prepare for viral transduction, the GP+E-86-LXSN/anti-HER2 scFv-CD28-

CD3ζ packaging line was seeded in T75 flasks at 5 – 6  106 cells/mL in RP-10 for an 

overnight incubation at 37 °C, 5% CO2. Viral supernatant was collected. To adhere 
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the virus to RetroNectin-treated plates, unbound RetroNectin was removed from wells 

and replaced with 4 mL of filtered viral supernatant. Plates were centrifuged at 

1200 x g for 30 mins at room temperature with acceleration 4, deceleration 3. T cells 

were resuspended at 7 – 10  106 cells/mL in remaining viral supernatant. 100 U/mL 

IL-2 and 200 pg/mL IL-7 were added to the cell suspension. An additional 1 mL viral 

supernatant containing T cells was added to each RetroNectin well, and plates were 

again centrifuged at 1200 x g for 90 minutes at room temperature with acceleration 4, 

deceleration 3. Cells were incubated overnight at 37°C, 5% CO2. 

 

The transduction process was repeated by collecting T cells from RetroNectin 

plates and centrifuging the plates with 4 mL fresh viral supernatant per well. T cells 

were centrifuged separately and resuspended in fresh viral supernatant containing 

IL-2 and IL-7. 1 mL cell suspension per well was transferred into RetroNectin plates, 

which were centrifuged and incubated at 37°C, 5% CO2 for a minimum of 3 hours. T 

cells were collected and centrifuged in PBS. Cells were resuspended in RP-10 

containing IL-2 and IL-7 to be incubated in 6 well tissue culture-treated plates at 37 °C, 

5% CO2. CAR T cells were treated with 0.5 mM butyrate on the following 2 days (day 

3 and day 4 post-activation). On day 4, cells were split 1:2 with IL-2 and IL-7 added to 

fresh RP-10. CAR T cells were harvested on day 5. 

 

2.2.2.2 Human anti-LeY CAR T cells 

This study was approved by the PMCC Ethics Committee (ethics number 

E671). Peripheral blood from healthy donors was diluted with an equal volume of PBS. 

30 mL of diluted blood was slowly pipetted into a Falcon tube containing 15 minutes 

of Ficoll-plaque Plus. Samples were centrifuged for 10 minutes at 1000 x g. PBMCs 

were collected into PBS and centrifuged at 1800 RPM for 7 minutes. Cells were treated 

with 10 mL ACK lysis buffer, then washed once with RPMI and twice with PBS, 

followed by enumeration. 50  106 cells were cultured in RP-10 containing 600 U/mL 

IL-2 and 30 ng/mL anti-CD3 (OKT3). Cells were incubated for 2 days at 37 °C, 5% 

CO2. 

 

RetroNectin was prepared by plating 1.5 mL RetroNectin (10 μg/mL) diluted in 

PBS in 6 well non-tissue culture treated plates, followed by overnight incubation at 
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4 °C. 2 days after T cell activation, RetroNectin was removed from plates, wells were 

washed with PBS. The packaging line PG13/anti-LeY scFv-CD28-CD3ζ was seeded 

2 days prior in T75 flasks at 1.5  106 cells/mL in RP-10 and incubated at 37 °C, 5% 

CO2. Viral supernatant was collected, and 4 mL of retroviral supernatant was added 

per well. The plates were centrifuged at 1000 x g for 1 hour at room temperature with 

acceleration 5, deceleration 5. T cells were washed and resuspended in viral 

supernatant at a concentration of 2.5 x 106 T cells/mL, supplemented with IL-2. 1 mL 

of cells resuspended in viral supernatant was added to each well. The final 

concentration of IL-2 was 600 U/mL. The plates were centrifuged at 1000 x g for 1 

hour at room temperature with acceleration 5, deceleration 5, followed by an overnight 

incubation at 37 °C, 5% CO2. This process was repeated the next day, with 300 U/mL 

IL-2 supplemented. Cells were treated with 0.5 mM butyrate on the following 2 days 

(day 4 to 6 post-activation). Cells were split 1:2 and supplemented with a final 

concentration of 150 U/mL IL-2 on days 5 and 6 post-activation. Analysis was 

performed 7 days after activation.    

 

2.2.3 Manipulation of mice 

2.2.3.1 HSV-1 infections 

2 × 105 plaque-forming units (PFU) of HSV-1 KOS in 200 μL PBS were injected 

intravenously (i.v.) into the lateral tail vein. Alternatively, for epicutaneous (e.c.) 

infection with HSV-1 KOS, mice were anesthetised with a mixture of ketamine (100 

mg/kg bodyweight) and xylazine (15 mg/kg bodyweight) via intraperitoneal (i.p.) 

injection. Lubricating eye gel was applied to prevent eyes from drying. The left flank of 

the mouse was shaved, followed by depilation for 2 to 3 minutes using Veet hair 

removal cream. The skin was wiped with a tissue moistened with water to remove 

Veet. A dremel rotary tool with grindstone attachment was used to lightly abrade the 

skin for 5 seconds on setting 2. The abrasion site was cleaned firstly with a cotton 

topped applicator soaked in sterile PBS, then a dry cotton topped applicator. 1  106 

PFU HSV-1 in 10 μL PBS was applied to the abrasion site. A transparent waterproof 

film (Op-Site Flexigrid) was used to cover the infected flank, and mice were bandaged 

with Micropore and Transpore surgical tape. Films and bandages were removed after 

2 days. In experiments assessing DC maturation, e.c. infections on both the left and 

right flank of mice were performed. 
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2.2.3.2 Mammary fat pad inoculations of E0771-HER2 cells 

An orthotopic model of breast cancer was used, where 1  105 E0771-HER2 

cells resuspended in 20 μL PBS was injected into the fourth mammary fat pad of 

female C57BL/6 hHER2 mice. Tumours were measured with a digital calliper. Tumour 

volume was calculated as the following: (width  length)/2. Mice were culled when the 

tumour area exceeded 150 mm2. 

 

2.2.3.3 Adoptive gDT-II cell transfers 

On day 6 post-activation, viable activated gDT-II cells were enumerated using a 

haemocytometer with trypan blue exclusion. FACS analysis was performed to ensure 

that purity of gDT-II cells (Va3.2+CD45.1+CD4+) was at least 85% and cells were 

activated (CD44+). 1  106 gDT-II cells were adoptively transferred into recipients in 

200 μL PBS via i.v. injection into the lateral tail vein.  

 

2.2.3.4 Adoptive gBT-I cell transfers 

Skin-draining lymph nodes were harvested, and single cell suspensions were 

prepared by meshing the lymph nodes through a 70 μm cell strainer. Cells were 

washed in PBS and centrifuged at 1600 RPM for 5 minutes. For the transfer of naïve 

gBT-I cells, viable gBT-I cells were resuspended in PBS and enumerated using a 

haemocytometer with trypan blue exclusion. FACS analysis was performed to ensure 

that the purity of cells (Va2+CD8+) from lymph nodes was at least 60% and cells were 

naïve (CD44-). 5  104 naïve gBT-I cells were adoptively transferred into naïve 

recipients. In the case of co-transfers, 2.5  105 of each type of gBT-I cells was 

transferred in 200 μL PBS via i.v. injection into the lateral tail vein. 

 

2.2.3.5 CAR T cell transfers 

7 days after E0771-HER2 tumour inoculation, mice were subjected to full-body 

irradiation (5 Gy) for pre-conditioning. 2 doses of 1  107 anti-HER2 CAR T cells were 

transferred into the lateral tail vein of mice via i.v. infection, 5 and 6 days after 

inoculation. On days 0 to 5 post-T cell transfer, 5  104 IU IL-2 was injected (i.v.) into 

the lateral tail vein to support CAR T cell maintenance.  
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2.2.3.6 Immune checkpoint blockade therapy 

For immune checkpoint blockade therapy, E0771-HER2 tumour-bearing mice 

were treated with either 200 μg anti-PD-1 (RMP1-14) or an isotype control (2A3; i.p.) 

on days 0 and 4 post-CAR T cell transfer. 

 

2.2.4  Preparation of mouse tissues for flow cytometric analyses 

2.2.4.1 Blood 

The submandibular vein of the restrained mouse was punctured with a 21G 

needle. Approximately 50 μL blood from the vein was passed through a heparinised 

capillary tube to prevent clotting. Blood was treated with 1 mL RBCL buffer twice for 

5 minutes and washed once with FACS buffer. The full sample was stained for FACS 

analysis as described in Section 2.2.5. 

 

2.2.4.2 Spleens, axillary and brachial lymph nodes 

For T cell analysis, organs were harvested into cold RP-10 and single cell 

suspensions were generated by pressing the organs through a 70 μm filter, followed 

by washing in PBS. Approximately 2.5% of the spleen or 50% of the lymph node was 

stained for FACS analysis as described in Section 2.2.5. 

 

In experiments analysing ex vivo dendritic cells, the draining axillary and 

brachial lymph nodes of mice that were infected with HSV-1 via e.c. route were 

harvested separately into 6 mL sterile KDS-RPMI supplemented with 2% FCS (KDS-

RPMI-2). Lymph nodes were vigorously dissociated with a scalpel in a petri dish, then 

the emulsified tissue was returned to their original tube. 1 mL of digestion solution 

(containing 7 mg/mL Collagenase III and 1 mg/mL DNase I in KDS-RPMI-2) was 

added to each tube. Tissues were resuspended using a Pasteur pipette for 20 minutes. 

700 μL EDTA (0.1 M) was added before resuspending for 5 minutes. Samples were 

filtered through 30 μm nylon meshes, then enumerated. Approximately 5  106 cells 

were stained per sample. 

 

2.2.4.3 Skins 

For endogenous T cell analysis, 2 cm  0.5 cm skin was harvested directly into 

1.5 mL of liberase solution (0.5 mg/mL Liberase TL Research Grade and 10 μg/mL 
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DNase I in HBSS), followed by incubation in a 37 °C water bath for 30 minutes. The 

epidermal and dermal layer were separated using forceps, then returned to the 

liberase solution that they were originally in. Skins were finely cut for 2 minutes and 

incubated in a 37 °C water bath for 60 minutes. After digestion, samples were then 

transferred into RP-10, homogenised by resuspending 20 times with a transfer pipette, 

then filtered using 70 μm nylon meshes. Samples were stained as described in Section 

2.2.5. Samples were filtered through 30 μm nylon meshes before flow cytometric 

analysis. 

 

For analysis of adoptively transferred T cells, 2 cm x 0.5 cm skin was harvested 

directly into dispase solution (2.5 mg/mL Dispase II in PBS) and incubated for 90 

minutes in a 37 °C water bath. The epidermal and dermal layer were separated using 

forceps, then the epidermal layer was transferred into 1 mL collagenase solution (3 

mg/mL Collagenase Type III in RPMI media containing 2% FCS and 5% SC) and 

dermal layer into 1 mL trypsin solution (0.5% trypsin with 0.2% EDTA and 2 mg/mL 

DNase in PBS). The epidermal layer was finely cut for 2 minutes and both layers were 

incubated in a 37°C water bath for 30 minutes. After digestion, both the epidermal and 

dermal layers were transferred together into RP-10, homogenised by resuspending 20 

times with a transfer pipette, then filtered using 70 μm nylon meshes. Samples were 

either divided into half or stained whole as described in Section 2.2.5. Samples were 

filtered through 30 μm nylon meshes before flow cytometric analysis. 

 

2.2.5 Flow cytometry 

2.2.5.1 Staining of surface markers  

Single cell suspensions were stained with antibodies against specific markers 

diluted in 50 – 100 μL FACS buffer or PBS (in cases when fixable viability dyes were 

included). 50 μL or 100 μL of antibody cocktail was used for samples containing fewer 

or greater than 5 × 106 cells respectively. Samples were incubated on ice for at least 

20 minutes. Chemokine receptors were stained for at least 1 hour on ice. Staining with 

tetramers was performed for 45 minutes in a 37 °C incubator. Cells were washed in 

FACS buffer. Cells derived from skins were filtered through 30 μm nylon meshes, while 

70 μm nylon meshes were used for cells from other organs. Live dead discrimination 

was performed using LIVE/DEAD Fixable Near-IR stain during staining with antibodies 
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or by the addition of 1 μg/mL PI to cells immediately before acquisition. For cell 

enumeration, a known number of SPHERO Blank Calibration Particles was added to 

samples before analysis. Samples were run on an LSRFortessa (BD Biosciences) and 

analysed using FlowJo 10 software. 

 

2.2.5.2 Intracellular and intranuclear marker staining 

Cells were stained for surface markers, as detailed above, followed by fixation 

and permeabilisation using a Fixation/Permeabilization kit for intracellular cytokine 

analysis or Foxp3/Transcription Factor Staining kit for intranuclear marker analysis, 

according to the manufacturer’s instructions. Blocking with anti-rat and anti-mouse 

serum was performed in permeabilization buffer prior to intranuclear staining for at 

least 1 hour on ice, or simultaneously with intracellular staining. Samples were 

incubated with antibodies against intracellular/intranuclear markers overnight in the 

dark. For anti-histone antibodies, the incubation was performed for 20 minutes at room 

temperature. Cells were washed in FACS buffer, filtered through 70 μm nylon meshes, 

and analysed. 

 

2.2.5.3 Metabolic analyses 

0.4 – 1  106 cells were resuspended in PBS containing antibodies to surface 

markers, as well as the metabolic probes TMRM and Mitotracker. Samples were 

incubated in a 37 °C incubator for 15 – 30 minutes. Cells were washed twice in FACS 

buffer, filtered through 70 μm nylon meshes, and stained with either 1 μg/mL PI or 

5 μg/mL DAPI. Flow cytometric analysis was performed within 40 minutes of staining. 

 

2.2.5.4 Fluorescence activated cell sorting 

Thymi from 6 week-old naïve B6 and GPR41/GPR43-deficient mice were 

harvested into ice cold RP-10. Single cell suspensions were generated by meshing 

the thymi through 70 μm filters. Cells were stained for CD3, CD4, and CD8, washed 

twice, and filtered through 70 μm nylon meshes. Cell sorting was performed using a 

FACS Aria III. Dead cells were excluded using staining with 1 μg/mL PI. CD4-CD8-, 

CD4+CD8+, and CD4-CD8+ and CD8+CD4- single positive populations were collected 

into sterile FCS.  
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2.2.6 Functional assays 

2.2.6.1 Assessment of cytokine and cytotoxic mediator expression 

Cytokine and cytotoxic mediator expression was measured after ex vivo re-

stimulation. Cells were resuspended in 200 μL RP-10 containing 10 μg/mL BFA. gBT-I 

cells were restimulated with 1 μg/mL gB498-505 peptide, while gDT-II cells and 

polyclonal CD4+ T cells were restimulated with either 5 μM gD290-302 peptide or 

0.5 μg/mL PMA and 1 mg/mL ionomycin for 5 hours in a 37 °C incubator. Cytotoxic 

molecules were measured after re-stimulation as newly synthesised molecules have 

been shown to contribute to killing [281]. 

 

2.2.6.2 Chromium-51 release assays  

Effector:target cell ratios of 40:1 to 0.31:1 were prepared in triplicates in a 96 

well V bottom plate by performing serial dilutions to arrive at 4  105 to 3.125  103 

CAR T cells (effector cells) in 100 μL RP-10 per well. The supernatant of a cell pellet 

containing 3  106 E0771-HER2 (target cells) was aspirated, and target cells were 

labelled with 100 μCi Chromium-51 for 1 hour at 37 °C in an incubator with lead shield, 

then washed thrice with 10 mL RPMI without additives. 1  104 labelled E0771-HER2 

cells in 100 μL RP-10 were seeded into each well containing effector cells. As controls, 

some wells lacked effector cells and consisted of only untreated target cells or target 

cells lysed with 100 μL SDS. The plate was pulsed at 1400 RPM for 1 minute, then 

incubated at 37 °C for 4 hours. 

 

To analyse Chrominum-51 release into the supernatant, the plate was 

centrifuged at 1400 RPM for 4 minutes. 100 μL supernatant was transferred into FACS 

tubes for chromium release analysis using the Wallac Wizard 1470. Spontaneous 

release and maximum release were calculated from wells containing untreated target 

cells and SDS-lysed target cells respectively. Percentage of specific lysis was 

calculated as follows: [(Experimental Release – Spontaneous Release)/(Maximum 

Release – Spontaneous Release)]  100%. 

 

2.2.6.3 Real-time PI incorporation assays 

B16.gD cells were resuspended in RP-10 at 5  104 cells/mL, and divided into 

2 samples, with only the first containing 100 U/mL recombinant IFN-γ for MHC-II 
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upregulation. 200 μL cells/well were carefully seeded into a 96 well flat bottom black 

polystyrene microplate and incubated for 2.5 days at 37 °C, 5% CO2.  

 

gDT-II cells were resuspended at 1.25  106 cells/mL in RP-10 containing 

6.02 μg/mL PI. In certain experiments, gDT-II cells were resuspended in media 

containing 10 μg/mL anti-IFN-γ or 2 μg/mL anti-FasL blocking antibodies, and 

incubated at 37 °C for 30 minutes prior to co-culture. B16.gD cells were gently washed 

twice with warmed RP-10. For an effector cell to target cell (E:T) ratio of 12:1, 2.5  105 

gDT-II cells in a volume of 200 uL were seeded into each well. Positive controls 

containing B16.gD cells resuspended in 0.5% Triton X-100 and PI, and negative 

control containing either B16.gD only or gDT-II cells only in RP-10/PI mix were 

prepared. To monitor cell death, PI signal of the co-culture was measured on the 

CLARIOstar Plus for 24 hours at 37 °C, 5.6% CO2, using the ‘Florescence’ setting. 

Cell death was calculated by deducting the fluorescence of co-cultured samples 

containing B16.gD cells that lacked IFN-γ pre-treatment from matched samples with 

IFN-γ pre-treated B16.gD cells. Cell dealth was normalised to co-cultures containing 

tumour cells and untreated gDT-II cells. 

 

2.2.6.4 HSV-1 PFU assays 

Vero cells were cultured in 5 mL MEM-10 in petri dishes and passaged every 1 

to 5 days. When passaging, supernatant was aspirated and cells were washed gently 

with 5 mL PBS. Cells were incubated with 1X trypsin for 3 minutes in an incubator at 

37 °C. The reaction was quenched by the addition of 9 mL MEM-10. Cells were split 

by transferring an appropriate volume to a fresh petri dish, and made up to 5 mL with 

MEM-10. Vero cells were kept in a 6.5% CO2 incubator at 37 °C. 3 to 4 days before 

the PFU assay, the cells were dislodged and transferred from the petri dish sterile 6 

well flat-bottomed plates. 

 

2 cm  0.5 cm skin from mice infected with HSV-1 (e.c.) was collected into 1 

mL sterile PBS. Skins were stored at -80 °C until further use. Thawed samples were 

homogenised for 30 seconds using a homogeniser to liberate the virus from the skin. 

Between samples, the aggregate was cleaned by running it in sodium hypochlorite, 

ethanol, and 2 tubes of sterile PBS. 
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Viral dilutions (½, 10-1, 10-2, 10-3, 10-4 and 10-5) were prepared in serum-free 

MEM and 900 μL of each dilution was transferred into a well of a 6 well plate containing 

a confluent monolayer of Vero cells that had been pre-washed with MEM to remove 

FCS. Plates were incubated for 1 hour at room temperature with occasional shaking 

to increase the probability of virus attaching to cells. 1% agarose in MEM 

supplemented with 2% FCS was prepared and maintained at 37 °C in a water bath. 3 

mL of 1% agarose solution was added to each well and allowed to set at room 

temperature. Plates were incubated in a 37 °C incubator for 4 days. 

 

Each well was incubated with 4 mL of 10% formalin for 1 hour at room 

temperature to fix the Vero cells and virus. 2 mL of 0.1% Toluidine blue in water was 

added to each well and incubated for 1 minute. The Toluidine blue solution was poured 

off and wells were rinsed with tap water. Plaques resulting from lytic infection by HSV-1 

were enumerated.  

 

2.2.7 Molecular biology methods 

2.2.7.1 RT-qPCR 

To extract RNA for the analysis of the expression of Ffar2, Ffar3, and Hcar2, 

2  106 cells were lysed with 400 μL TRIzol for 5 minutes at room temperature. 

Samples were stored at -80 °C until use. For RT-qPCR, RNA extraction was performed 

with the Direct-zol RNA MicroPrep kit according to the manufacturer’s instructions. 

Briefly, RNA from cells lysed in TRIzol was precipitated with 100% ethanol and 

centrifuged in Zymo-Spin columns at 14000 x g, 10 °C for 1.5 minutes. Columns were 

washed with 400 μL RNA wash buffer and centrifuged. DNA was digested by 

incubating 40 μL DNase I cocktail (5 U DNase I in DNA digestion buffer) in each 

column for 15 minutes at 35 °C, then centrifuging for 1.5 minutes. Columns were 

washed twice with 400 μL pre-wash buffer and once with 700 μL RNA wash buffer. 

Remaining buffer was removed by centrifugating twice. For RNA elution, 15 μL 

DNase/RNase-free water was incubated in the columns for 7 minutes at room 

temperature, followed by centrifugation. This step was performed twice. RNA 

quantification was performed using the NanoDrop 2000.  
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Complementary DNA (cDNA) was synthesised from extracted RNA using the 

Omniscript RT kit. A maximum of 2 μg of each sample was resuspended in 8.5 μL of 

cDNA synthesis mix (Table 2.22), and incubated for 90 minutes at 37 °C. cDNA was 

diluted in RNase/DNase-free water to derive a final concentration of 2.5 ng/μL. 

 

Table 2.22 Components of cDNA synthesis mix. 

Reagent in cDNA synthesis mix Volume 

Reverse transcription 10X Buffer  3.5 μL 

dNTP mix (5 mM per dNTP) 2 μL 

Oligo(dT)15 primers 1 μL  

(Final concentration = 0.5 μg/μL) 

RNase-OUT Recombinant Ribonuclease 

Inhibitor 

1 μL  

(Final concentration = 10 U/μL) 

Omniscript Reverse Transcriptase 1 μL  

(Final concentration = 4 U/μL) 

Total volume 15 μL 

 

Taqman Universal PCR Master Mix and primers for genes of interest were 

added to the template cDNA. To obtain a final volume of 10 μL, water was added. The 

components and volumes in the qPCR mix are listed in Table 2.23.  

 

Table 2.23 Components of qPCR mix. 

Reagent Volume 

Taqman Universal PCR Master Mix 5 μL 

Template cDNA 2 μL  

(Final concentration = 2.5 μg/mL) 

Primer 0.5 μL/primer  

(Final concentration = 10 μM) 

H2O Remaining volume 

Total volume 10 μL 

 

RT-qPCR was performed on the QuantStudio Real-Time PCR machine with 

the following cycle conditions: 95 °C for 2 minutes, 40 cycles at 95 °C for 15 seconds, 

and 60 °C for 1 minute. Messenger ribonucleic acid (mRNA) expression was 

normalised to the housekeeping genes β2m and Gapdh. The relative expression of 

genes was calculated using the following formula: 2^-(CTsample – CTaverage of housekeeping 

genes). 
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2.2.7.2 Western blotting 

For protein extraction, 1 × 106 activated gDT-II cells were washed twice in 

DPBS. Cells were resuspended in 50 μL RIPA buffer mix containing RIPA buffer, 

PhosSTOP and Complete Protease Inhibitor Cocktail. The cell suspension was 

incubated for 30 minutes under constant rotation at 4 °C, mixed briefly by vortexing, 

then centrifuged at 8000 x g for 10 minutes. Supernatants containing proteins were 

collected and stored at -80 °C until further use. 

 

50 μL of sample lysates were mixed with 10 μL of 6X sample buffer and boiled 

at 90 °C for 5 minutes. 35 μL cooled sample lysates and 10 μL protein ladder were 

loaded onto NuPAGE gel that was immersed in running buffer. A 150 V current was 

applied for approximately 1 hour. Proteins were transferred onto a Trans-Blot Turbo 

Mini 0.2 μm nitrocellulose transfer membrane using the Trans-Blot Turbo Transfer 

System. The membrane was placed in a Falcon tube of 20 mL blocking solution 

(containing TBS if acetylation was probed for, or otherwise PBS). Blocking was 

performed by incubating the membrane on a roller at room temperature for 30 minutes. 

The blocking solution was replaced with 6 mL of blocking solution containing primary 

antibodies, and incubated rolling overnight at 4 °C. Samples were washed rolling four 

times in 20 mL of 0.1% Tween-20 PBS/TBS for 5 minutes. The final wash was 

performed in 1X PBS/TBS. The membrane was incubated with 3 mL developing 

solution consisting of a 1:1 ratio of developer and substrate from Invitrogen novex ECL 

Chemiluminescent Substrate Reagent Kit for 1 minute. Analysis was performed with 

the Amersham Imager 600.  

 

2.2.8 Statistical analysis 

Statistical analysis was performed using Graphpad Prism 9. P values were 

calculated using Student’s t-tests, ANOVA tests or log-rank (Mantel-Cox) tests, as 

indicated in figure legends. Statistical significance was achieved when p values were 

less than 0.05. Significance values were denoted as * p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001. Statistical analysis was performed only when data was 

collected from at least 2 independent experiments and n ≥ 2.    
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Chapter 3 Characterising the role of GPR41 and 

GPR43 expression in CD8+ T cell 

priming  

 

3.1 Introduction 

CD8+ T cells play central roles in the control of intracellular infections and 

tumour surveillance by contributing to the elimination of infected or malignant cells. To 

gain effector functions, which includes the capacity to kill altered cells, naïve CD8+ T 

cells require priming by DCs. This is facilitated upon TCR-mediated recognition of 

specific antigens displayed as MHC-peptide complexes (signal 1), co-stimulatory 

molecule binding (signal 2), and cytokine signalling (signal 3). Such T cell priming 

prompts substantial phenotypic and metabolic changes that shape the effector T cell 

response.  

 

In recent years, it has become apparent that T cell priming can furthermore be 

influenced by the microbiota and their metabolic derivatives [204, 234, 235, 282]. 

Interestingly, changes in T cell function induced by the gut microbiota extend beyond 

the gut microbiota-host interface to more distal compartments [245, 248], suggesting 

that some of the effects are likely induced via microbiota-derived molecules that can 

distribute throughout the body. A significant group of such metabolites are SCFAs 

which have been shown to promote CD8+ T cell cytokine production [31, 181]. SCFAs 

have not only been implicated as metabolic substrates and epigenetic regulators of T 

cells, but also as ligands of the G-protein coupled receptors GPR41 and GPR43. To 

date, GPR41 and GPR43 have been suggested to regulate the immune response in 

several diseases and disorders, such as intracellular infections, inflammation, obesity 

and autoimmunity [31, 181, 283-286]. However, the influence of SCFAs through 

GPR41/43 interactions on specific immune cell types, such as CD8+ T cells, is less 

well understood. Hence, in this chapter we analysed the role of GPR41 and GPR43 in 

CD8+ T cell priming.  

 

We chose an epicutanous HSV-1 infection model, due to the fact that CD8+ T 

cells play a crucial role in the immune response against HSV-1 infection [287-289]. T 
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cell priming following HSV-1 is not only characterised by clonal expansion and the 

resulting quantitative changes in cell numbers, but also induces significant qualitive 

adaptations that are often referred to as differentiation. In the case of CD8+ T cells, 

this typically involves the activation of naïve T cells into EECs, which subsequently 

differentiate into MPECs and SLECs [29]. Both MPECs and SLECs are subsets of 

effector cells that are formed upon primary antigen encounter. Importantly, it is mainly 

the MPECs that survive the contraction phase of the response and form memory cells 

[290].  

 

Our previous work explored the link between microbiota-derived SCFAs and 

secondary CD8+ T cell responses following HSV-1 challenge [31]. In this setting, 

GPR41/GPR43-deficient CD8+ T cells were impaired in their expansion and exhibited 

reduced IFN-γ production relative to their WT counterparts shown in mixed-bone 

marrow (BM) chimeric mice [31]. In line with this, microbiota and SCFAs enhanced 

secondary T cell responses and skewed T cell differentiation towards MPECs. As 

GPR41 and GPR43 ensured optimal secondary responses, and microbiota and 

SCFAs promoted MPECs, we hypothesised that these receptors potentially influenced 

CD8+ T cell priming in vivo. The role of GPR41 and GPR43 in CD8+ T cell priming has 

only been described in a study that did not examine T cell differentiation [181]. It would 

thus be interesting to consider the dependency of CD8+ T cell differentiation and 

function on SCFA signalling by GPR41 and GPR43 during primary HSV-1 infection.  

 

In this chapter, we aimed to investigate if GPR41 and GPR43 signalling 

mediated changes in CD8+ T cell differentiation and function during priming upon 

HSV-1 infection, as well as their effect on viral control. As T cell priming is influenced 

by signals from other cells, we further analysed whether receptor signalling mediated 

changes in a CD8+ T cell intrinsic or extrinsic manner.  
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3.2 Results 

3.2.1 T cells express low levels of Ffar2 and Ffar3 

To analyse if GPR41 (Ffar3) and GPR43 (Ffar2) are expressed by CD8+ T cells, 

we used RT-qPCR to detect gene expression. We focused on Ffar2 and Ffar3 mRNA 

levels at various differentiation stages of CD8+ T cells, including T cells in activated 

and developing (thymocyte) stages. During thymic development, CD4-CD8- 

precursors expressing pre-TCRs progress to the CD4+CD8+TCR+ stage, followed by 

maturation into either CD4+CD8-TCR+ or CD4-CD8+TCR+ cells that enter the 

circulation. To assess whether T cells expressed GPR41/43 during thymic 

development, we sorted CD4+CD8-, CD4-CD8+, CD4-CD8-, and CD4+CD8+ cells from 

thymi of WT and GPR41/GPR43-deficient mice, and measured Ffar2 and Ffar3 gene 

expression. CD11b+ DCs were used as a positive control for Ffar2 and Ffar3 detection 

as DCs have been shown to express these genes [184, 185, 291].  GPR41/GPR43-

deficient thymocytes served as a background control. Ffar2 expression levels in WT 

CD4+CD8-, CD4-CD8+ and CD4-CD8- thymocytes were more than 100 times lower 

than in CD11b+ DCs (Figure 3.1A), confirming previous published data. While 

CD4+CD8- and CD4-CD8- thymocytes expressed comparable levels of Ffar2, 

expression in CD4-CD8+ cells was lower. Ffar2 expression was not observed in WT 

CD4+CD8+ cells. In contrast to Ffar2 expression, Ffar3 expression was undetectable 

at all stages of T cell thymic development (Figure 3.1A). In summary, while thymocytes 

did not appear to express Ffar2 at an intermediate stage of thymic development 

(CD4+CD8+), Ffar2 was detectable at the earlier (CD4-CD8-) and later (CD4+CD8- and 

CD4-CD8+) stages. 

 

The analysis of Ffar2 and Ffar3 expression on activated CD8+ T cells was 

performed using MHC-I-restricted transgenic CD8+ T cells that are specific to the HSV-

1 glycoprotein B, gB498-505 (gBT-I cells), that were isolated from spleens and lymph 

nodes, followed by in vitro activation with splenocytes that had been pulsed with the 

gB498-505 antigen. We pre-treated the cells with butyrate for 2 days to investigate if 

SCFAs exposure alters the receptor expression through feedback loops. In vitro 

activated WT CD8+ T cells expressed Ffar2 at low but detectable levels, with butyrate 

pre-treatment doubling the expression (Figure 3.1B). This suggested Ffar2 was 

upregulated by butyrate. Ffar3 was detected in activated WT CD8+ T cells, but its 
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expression was reduced in butyrate-pre-treated cells (Figure 3.1B). Altogether, these 

data demonstrated that Ffar2 and Ffar3 are expressed by activated CD8+ T cells 

derived from the secondary lymphoid organs, and their expression may be regulated 

by butyrate.  
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Figure 3.1 Ffar2 and Ffar3 are co-expressed on activated CD8+ T cells.  

Ffar2 and Ffar3 expression in T cells and primary CD11b+ dendritic cells (DC) were 

analysed using real-time quantitative polymerase chain reaction (RT-qPCR). The 

relative expression (RE) of Ffar2 and Ffar3 to Gapdh and β2m is shown. (A) CD4–

CD8–, CD4+CD8–, CD4–CD8+, CD4+CD8+ thymocytes were sorted from wildtype (WT) 

and Ffar2–/–;Ffar3–/– mice. (B) Transgenic CD8+ T cells (gBT-I) that recognise the 

HSV-1 peptide glycoprotein B (gB498-505) from WT and Ffar2–/–;Ffar3–/– mice were 

activated in vitro by gB498-505-pulsed splenocytes. Cells either remained untreated or 

were treated with 0.5 mM butyrate on days 2 and 3 post-activation. The expression 

levels of Ffar2 and Ffar3 relative to Gapdh and β2m are shown. Data are presented 

as mean + SEM from technical duplicates. No statistical testing was performed due to 

the sample size.  
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3.2.2 Optimal memory precursor differentiation of CD8+ T cells is partially 

dependent on GPR41 and GPR43  

To test whether GPR41 and GPR43 signalling influenced CD8+ T cell priming, 

we infected WT and GPR41/GPR43-deficient mice with HSV-1 on the flank skin. 

Taking into consideration the possiblility of redundant effects of GPR41 and GPR43, 

mice that lacked both receptors was used. 9 days after infection, we examined the 

immunodominant CD8+ T cell response to HSV-1 infection using flow cytometric 

analysis of the spleen (Figure 3.2A). H2-Kb-gB498-505 tetramer staining revealed that 

approximately 6.3  106 gB-specific CD8+ T cells were present in spleens of WT mice, 

accounting for 8.8 ± 1.3% of total splenic CD8+ T cells (Figure 3.2B). GPR41/GPR43-

deficient mice possessed comparable numbers and frequencies of gB-specific CD8+ 

T cells, implying that there was no defect in the primary expansion of activated CD8+ 

T cells in the absence of GPR41 and GPR43 expression (Figure 3.2B). In line with 

this, comparable numbers and proportions of gB-specific CD8+ T cells were detected 

at the site of infection in the skin of both the WT and GPR41/GPR43-deficient mice 

following HSV-1 infection (Figure 3.2C), indicating that the ability of antigen-specific 

CD8+ T cells to expand and enter the skin was intact in mice lacking GPR41 and 

GPR43 expression.  

 

Although GPR41 and GPR43 did not affect the magnitude of the CD8+ T cell 

response in the spleen and skin, it was important to assess the quality of the response. 

Activated CD8+ T cells differentiate from KLRG1-CD127- EECs with greater plasticity 

into more differentiated KLRG1-CD127+ MPECs and KLRG1+CD127- SLECs [30]. 

These subsets are known to infiltrate the skin in e.c. HSV-1 infection [292]. The 

MPEC/SLEC balance is determined by a diverse set of input signals from surrounding 

cells and the microenvironment, including metabolite availability which can skew EEC 

differentiation [29, 214, 293, 294]. We therefore analysed splenic gB-specific CD8+ T 

cells for their expression of KLRG1 and CD127. Interestingly, clear differences in 

subset proportions between the WT and GPR41/GPR43-deficient groups were 

detected. GPR41/GPR43-deficient mice possessed a significantly lower frequency of 

EECs than WT mice (Figure 3.2D), suggesting that GPR41 and GPR43 restrained 

differentiation of EECs. Further discrepancies were observed amongst the cells that 

did progress into MPECs or SLECs. The frequency of GPR41/GPR43-deficient 
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MPECs was significantly lower than that of the WT group (11 ± 0.84% and 17 ± 1.6% 

respectively) (Figure 3.2D). In contrast, SLEC frequencies were greater in 

GPR41/GPR43-deficient mice than their WT counterparts (55 ± 8.6% and 48 ± 7.9% 

respectively) (Figure 3.2D). GPR41 and GPR43 hence support the ability of CD8+ T 

cells in the spleen to form MPECs.  

 

A similar defect was observed in the skin, with a greater proportion of KLRG1-

CD127- cells in the skin of WT mice than GPR41/GPR43-deficient mice (Figure 3.2E). 

KLRG1-CD127+ cell frequencies were reduced from 18 ± 1.5% in WT mice to 13 ± 

0.56% in GPR41/GPR43-deficient mice, and KLRG1+CD127- cell frequencies were 

increased from 36 ± 2.2% to 47 ± 0.85% in WT and GPR41/GPR43-deficient mice 

respectively (Figure 3.2E). This suggest that CD8+ T cells GPR41 and GPR43 can 

influence fate decisions in both the spleen and site of infection.  
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Figure 3.2 GPR41 and GPR43 promote CD8+ T cell differentiation into MPECs 

following HSV-1 infection.  

Ffar2–/–;Ffar3–/– and wildtype (WT) mice were infected with 1 x 106 plaque forming 

units (PFUs) HSV-1 epicutaneously. 9 days after infection, endogenous gB498-505-

specific CD8+ T cells from spleen and skin tissues were analysed using H-2Kb-gB498-

505-restricted tetramers. (A) Representative plots of the gating strategy to identify 

gB498-505-specific CD8+ T cells are shown. (B, C) The absolute numbers and 

frequencies of gB498-505-specific CD8+ T cells in the spleen (B) and skin (C), as 

analysed by tetramer staining. (D, E) The proportions of EEC, MPEC, and SLEC 

populations within HSV-specific CD8+ T cells in the spleen (D) and skin (E). 

Representative contour plots of KLRG1 and CD127 expression on gB498-505-specific 
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CD8+ T cells of WT and Ffar2–/–;Ffar3–/– mice are depicted. Data are presented as 

mean + SEM of n = 10 – 15 WT or Ffar2–/–;Ffar3–/– mice from 2 to 3 independent 

experiments. Asterisks indicate statistically significant differences as analysed by 

unpaired Student’s t-tests (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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3.2.3 TNF-α production by CD8+ T cells and viral control are GPR41- and 

GPR43-dependent 

Apart from the MPEC/SLEC differentiation, the quality of the effector response 

is also determined by effector molecule expression. It has been reported that GPR41 

can promote the degranulation and release of IFN-γ by CD8+ T cells [181]. 

Furthermore, our group has previously shown that the IFN-γ response of 

GPR41/GPR43-deficient secondary effector CD8+ T cells was reduced compared to 

their WT counterparts in mixed BM chimera mice after antigen re-exposure [31]. We 

therefore tested whether CD8+ T cell effector molecule expression was affected by 

GPR41 and GPR43 in the initial response following HSV-1 infection. WT and 

GPR41/GPR43-deficient mice infected on the skin with HSV-1 were analysed 9 days 

later. Re-stimulation of splenocytes with the gB498-505 peptide allowed us to probe for 

intracellular cytokine expression. The CD8+ T cell population was analysed for IFN-γ, 

and the antigen-responsive cells denoted by IFN-γ and CD44 co-expression were 

further divided into MPEC/SLEC subsets (Figure 3.3A). IFN-γ+CD44+ cells accounted 

for about 5% of the total CD8+ T cells in both WT and GPR41/GPR43-deficient mice 

in line with most gB-specific CD8+ T cells (Figure 3.2B) responding to ex vivo re-

stimulation (Figure 3.3B). Interestingly, dividing this population into MPECs and 

SLECs uncovered significant differences in the expression of the pro-inflammatory 

cytokine TNF-α. While TNF-α production by SLECs was not affected by GPR41 and 

GPR43 deficiency, this cytokine was downregulated in the MPEC compartment from 

59 ± 2.0% in WT cells to 44 ± 4.1% in GPR41/GPR43-deficient cells (Figure 3.3C). 

These results demonstrated that MPECs relied on SCFA receptor signalling for 

optimal TNF-α expression. 

 

TNF-α is an important molecule in the control and clearance of viruses, as 

shown by the heightened risk of cutaneous HSV infection in patients receiving TNF- α 

inhibitors [295, 296]. As such, we next assessed the influence of GPR41 and GPR43 

on HSV-1 control. Viral burden in the skin was measured 2 and 5 days post-infection 

as the virus migrates from the primary site of infection to the innervating dorsal root 

ganglion by day 2, and re-emerges at the secondary infection site at around day 5 

[288]. 2 days after infection, there was a small but significantly greater viral PFUs in 

skins of GPR41/GPR43-deficient mice compared to WT mice (Figure 3.3D). While the 

anti-viral response is mainly mediated by the innate immune system at 2 days post-
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infection, it has been reported that viral control by CD8+ T cells occurs at approximately 

5 days after infection [288]. On day 5 post-infection, we detected that the difference in 

viral burden between WT and GPR41/GPR43-deficient mice further increased (Figure 

3.3D). These results suggest that the expression of GPR41 and GPR43 within both 

the innate and adaptive immune compartments contribute to viral control. 
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Figure 3.3 GPR41 and GPR43 expression contributes towards effector function 

of CD8+ T cells and immune control of HSV-1. 

Ffar2–/–;Ffar3–/– and wildtype (WT) mice were infected with 1 x 106 plaque forming 

units (PFUs) HSV-1 epicutaneously. (A – C) Ex vivo gB498-505 peptide re-stimulation 

was performed for 5 hours on splenocytes 9 days post-infection in the presence of 

brefeldin A. Intracellular cytokine stains were analysed using flow cytometry by gating 

on CD19-CD8+ T cells, followed by antigen-responsive CD8+ T cells denoted by IFN-γ 

and CD44 co-expression, then KLRG1-CD127+ MPECs and KLRG1+CD127- SLECs 

(A). The frequency of IFN-γ+CD44+ T cells of total CD8+ T cells of WT and Ffar2–/–

;Ffar3–/– mice was measured (B). The frequency of TNF-α expression in 

IFN-γ+CD44+CD8+ MPEC and SLEC populations, and representative contour plots of 

TNF-α against CD44 in SLECs and MPECs are shown (C). (D) Skin from the flanks of 

WT and Ffar2–/–;Ffar3–/– mice were harvested on day 2 and 5 post-infection for 
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analysis of viral titres using PFU assays. Cytokine expression in (A – C) was measured 

in 3 independent experiments, with n = 15 per group. Viral PFUs were measured in 2 

independent experiments, with n = 10 per group. Data are represented as mean + 

SEM. Asterisks indicate statistically significant differences as analysed by unpaired 

Student’s t-tests or a two-way ANOVA test (* p < 0.05, ** p < 0.01).   
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3.2.4 GPR41 and GPR43 expression modulate CD8+ T cell differentiation 

following systemic antigen challenge 

The higher viral titres observed in GPR41/GPR43-deficient mice indicate 

greater antigen abundance, which may have been a confounder in TCR stimulation 

and resulting effector differentiation. To validate that our results in the previous section 

were attributed SCFA receptors and not antigen load, we infected naïve mice with 

HSV-1 via i.v. injection. This route of infection was used as the virus cannot replicate 

in the spleen, thus ensuring T cell responses were not influenced by differences in 

antigen load.  

   

To study effector differentiation, the endogenous CD8+ T cell response of WT 

and GPR41/GPR43-deficient mice was analysed at day 8 post-infection. 

H-2Kb-gB498-505 tetramer staining indicated that peripheral blood of WT and 

GPR41/GPR43-deficient mice possessed similar numbers and frequencies of gB-

specific CD8+ T cells (Figure 3.4A). However, clear qualitative differences within the 

HSV-specific response existed between the WT and GPR41/GPR43-deficient groups, 

consistent with our observations in the epicutaneous HSV-1 model. EECs comprised 

of a smaller proportion of gB-specific CD8+ T cells in GPR41/GPR43-deficient mice 

compared to their WT counterparts (Figure 3.4B). Mice deficient for GPR41 and 

GPR43 also possessed a reduced frequency of MPECs (WT, 30 ± 2.4%;                 

Ffar2–/–;Ffar3–/–, 22 ± 1.4%), and preferential differentiation into SLECs (WT, 32 ± 

2.6%; Ffar2–/–;Ffar3–/–, 42 ± 2.2%) (Figure 3.4B). These findings indicate that the 

defect in effector differentiation of gB-specific CD8+ T cells lacking GPR41 and GPR43 

was not a consequence of antigen availability, and instead was a result of SCFA 

receptor expression.  

 

MPECs have a greater ability to survive the contraction phase of the immune 

response and transition into long-lived Memory T cells cells over time [29]. We 

evaluated whether alterations in the differentiation observed during the effector phase 

would also be observed during the memory phase. As expected, 4 weeks post-

infection, the numbers and frequencies of gB-specific CD8+ T cells in the spleen were 

similar between groups (Figure 3.4C). Consistent with our earlier results from an 

effector timepoint, GPR41 and GPR43 did not alter the magnitude of the CD8+ T cell 

response during the memory phase.  
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4 weeks after infection, the proportion of KLRG1-CD127- gB-specific CD8+ T 

cells was comparable between WT and GPR41/GPR43-deficient mice (Figure 3.4D). 

However, GPR41/GPR43-deficient mice had a reduced frequency of KLRG1-CD127+ 

gB-specific CD8+ T cells and an augmentation in KLRG1+CD127- gB-specific CD8+ T 

cells compared to WT mice (Figure 3.4D). These differenitation trends were in line with 

that at an effector timepoint (Figure 3.2D). Furthermore, there was a relatively lower 

number of KLRG1-CD127- and KLRG1-CD127+ gB-specific CD8+ T cells in 

GPR41/GPR43-deficient mice compared to their WT counterparts, although 

significance was only reached in the KLRG1-CD127+ population (Figure 3.4E). The 

KLRG1+CD127- gB-specific CD8+ T cell population was a similar size in both groups 

(Figure 3.4E). GPR41 and GPR43 therefore contribute significantly to CD8+ T cell 

priming and differentiation, with their effects remaining discernible after the resolution 

of the infection, at a memory timepoint. 

 

  



 88 

 
 
 

 

 



 89 

Figure 3.4 GPR41- and GPR43-mediated CD127 upregulation is maintained at a 

memory timepoint. 

Wildtype (WT) and Ffar2–/–;Ffar3–/– mice were intravenously infected with 2  105 

plaque-forming units (PFU) HSV-1. (A, B) Analysis of endogenous gB498-505-specific 

CD8+ T cells using H-2Kb-gB498-505-restricted tetramers was performed on 

submandibular bleeds 8 days post-infection. Absolute numbers and frequencies of 

gB498-505-specific CD8+ T cells are shown (A). Frequencies of EECs, MPECs, and 

SLECs in gB498-505-specific CD8+ T cells were measured (B). (C – E) Analysis of 

endogenous gB498-505-specific CD8+ T cells using H-2Kb-gB498-505-restricted tetramers 

was performed on spleens 4 weeks post-infection. Absolute numbers and frequencies 

of gB498-505-specific CD8+ T cells in the blood 4 weeks after infection are shown (C). 

Frequencies (D) and absolute numbers (E) of KLRG1-CD127-, KLRG1-CD127+, and 

KLRG1+CD127- gB498-505-specific CD8+ T cell population were measured. 

Representative contour plots of KLRG1 and CD127 expression on gB498-505-specific 

CD8+ T cells of WT and Ffar2–/–;Ffar3–/– mice are depicted in (B and D). Data are 

presented as mean + SEM of n = 10 WT or Ffar2–/–;Ffar3–/– mice from 2 independent 

experiments. Asterisks indicate statistically significant differences as analysed by 

unpaired Student’s t-tests (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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3.2.5 GPR41 and GPR43 expression supports MPEC differentiation through 

CD8+ T cell-extrinsic mechanisms 

Having identified a reduction in CD8+ T cell MPEC differentiation and function 

with global deficiencies in GPR41 and GPR43, we next sought to delineate whether 

this receptor signalling requirement was CD8+ T cell-intrinsic or extrinsic. We 

adoptively transferred naïve WT gBT-I cells into recipients deficient or sufficient for 

GPR41 and GPR43 a day prior to epicutaneous HSV-1 infection. As gBT-I cells were 

competent for GPR41 and GPR43, they could sense SCFAs via these receptors while 

all endogenous cells could not. 9 days after infection, we analysed the gBT-I 

population in the spleen and skin (Figure 3.5A). The absolute numbers and 

frequencies of gBT-I cells in the spleen and skin were similar between both recipient 

groups (Figure 3.5B and C). The expression of GPR41 and GPR43 by the gBT-I cells 

did not affect the magnitude of the response in the spleen and skin. This recapitulated 

our observations for the endogenous CD8+ T cell response (Figure 3.2B and C). 

 

Nevertheless, further analysis of gBT-I cell differentiation in the spleen 

uncovered differences in KLRG1 and CD127 expression. A similar proportion of EECs 

was detected in both recipient groups (Figure 3.5D). However, the gBT-I population in 

GPR41/GPR43-deficient recipients contained a lower proportion of MPECs than WT 

recipients (12 ± 0.60% and 19 ± 1.6% respectively); while the relative prevalence of 

SLECs was greater in GPR41/GPR43-deficient mice (Ffar2–/–;Ffar3–/–, 51 ± 1.3%; WT, 

42 ± 1.4%) (Figure 3.5D). In the skin, only KLRG1 was used to discriminate between 

effector subsets as CD127 was cleaved during enzymatic digestion with dispase. This 

is opposed to the use of liberase in Figure 3.2E which preserved CD127 and CD8 

expression, enabling us to identify endogenous CD8+ T cells. GPR41/GPR43-deficient 

hosts possessed a lower frequency of KLRG1- cells which represented less 

differentiated effector subsets, EECs and MPECs (Figure 3.5E). In contrast, the 

proportion of the KLRG1+ cells (consisting mainly of SLECs) in receptor-deficient mice 

was relatively larger compared to WT mice (Figure 3.5E). This indicated that CD8+ T 

cell differentiation was skewed by GPR41 and GPR43 expression in the recipient, not 

the transferred CD8+ T cells. The influence of GPR41 and GPR43 expression on 

MPEC/SLEC formation during priming can thus be attributed to CD8+ T cell-extrinsic 

mechanisms. 
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Figure 3.5 Differentiation into MPECs is hindered in a priming environment 

deficient in GPR41 and GPR43. 

5 × 104 naïve wildtype (WT) gBT-I cells were transferred into Ffar2–/–;Ffar3–/– and WT 

recipients which were subsequently epicutaneously (e.c.) infected with 1 × 106 plaque-

forming units (PFU) HSV-1. gBT-I cells from spleens and skin tissues were analysed 

9 days after infection. (A) The experimental schematic is shown. (B, C) The number 

and frequencies of gBT-I cells in the spleen (B) and skin (C) are shown. (D, E) KLRG1-

CD127- EEC, KLRG1+CD127- SLEC, and KLRG1-CD127+ MPEC frequencies in gBT-I 

cells from the spleen (D) in Ffar2–/–;Ffar3–/– and WT recipients were compared, as well 
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as KLRG1+ and KLRG1- cells as a frequency of gBT-I cells from the skin (E). 

Representative contour plots of KLRG1 and CD127 expression in WT and Ffar2–/–; 

Ffar3–/– mice are depicted. Data are presented as mean + SEM of n = 10 mice per 

group from 2 pooled independent experiments. Asterisks indicate statistically 

significant differences as analysed by unpaired Student’s t-tests (** p < 0.01, and *** 

p < 0.001). 
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3.2.6 GPR41- and GPR43-expressing CD8+ T cells compensate for the sub-

optimal viral control in receptor-deficient mice 

We observed that endogenous gB-specific CD8+ T cells from GPR41/GPR43-

deficient mice possessed a dampened TNF-α response, likely contributing to poorer 

viral control (Figure 3.3C and D). To examine if this was the result of a deficiency in 

GPR41 or GPR43 presence on CD8+ T cells or other cell types, we measured effector 

molecule expression of WT gBT-I cells that had been adoptively transferred into WT 

or GPR41/GPR43-deficient mice. On day 9 post-infection, gBT-I cells from the spleen 

were re-stimulated with the gB498-505 peptide, then sub-typed into MPECs and SLECs 

to analyse each subset’s expression of IFN-γ, TNF-α and granzyme B (Figure 3.6A).  

 

We observed similar IFN-γ, TNF-α and granzyme B expression between gBT-I 

SLECs from WT and GPR41/GPR43-deficient hosts (Figure 3.6B). Similarly, effector 

molecule production was comparable between MPECs from both groups, indicating 

that gBT-I function was in part dependent on GPR41 and GPR43 expression on CD8+ 

T cells themselves (Figure 3.6B). Furthermore, viral tires in the skin of WT and 

GPR41/GPR43-deficient hosts were similar 5 days after infection (Figure 3.6C). The 

transfer of WT gBT-I cells into GPR41/GPR43-deficient recipients therefore 

compensated for deficiencies in the endogenous effector response, enabling 

competent viral control. Thus, optimal TNF-α production appear to be dependent on 

CD8+ T cell-intrinsic GPR41 and GPR43 signalling, resulting in the WT gBT-I cells 

being capable of producing similar levels of TNF-α regardless of host phenotype. 

Cytokine production seems to be differentially regulated from MPEC development 

which required CD8+ T cell-extrinsic expression of GPR41 and GPR43. 
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Figure 3.6 The effector function of CD8+ T cells in an environment deficient for 

GPR41 and GPR43 is not altered. 

5 × 104 naïve wildtype (WT) gBT-I cells were transferred into WT and Ffar2–/–;Ffar3–/– 

recipients, which were epicutaneously infected with 1 × 106 plaque forming units (PFU) 

HSV-1 the following day. (A, B) On day 9 post infection, splenocytes were harvested 

and restimulated with gB498-505 peptide for 5 hours in the presence of brefeldin A. 

Vα2+CD45.1+ gBT-I cells were analysed for KLRG1 and CD127 expression, followed 

by effector molecule expression in MPECs and SLECs, according to the 

representative gating shown in (A). Frequencies of SLECs and MPECs expressing 

IFN-γ, TNF-α and granzyme B were measured (B). (C) Skin from WT and Ffar2–/–

;Ffar3–/– mice were harvested 5 days after HSV-1 infection (e.c.) to measure viral titres 

using PFU assays. Cytokine expression was measured in 2 independent experiments, 

with n = 7 – 9 per group in (A, B). Viral PFUs were measured in 2 independent 
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experiments with n = 9 – 10 per group in (C). Data are represented as mean + SEM. 

Statistical significance was evaluated using two-way ANOVA tests or an unpaired 

Student’s t-test. 
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3.3 Discussion  

There is a growing appreciation for the influence of SCFAs on CD8+ T cell 

immunity, with implications shown in various infections and disorders where SCFAs 

can improve cytokine responses [31, 123, 160, 168]. SCFAs can elicit effects in T cells 

through various mechanisms, including receptor-mediated effects through GPR41 and 

GPR43. These receptors have been studied in the context of viral infections, colitis 

and asthma [31, 181, 284, 285]. Our group previously reported the positive role of 

GPR41 and GPR43 in the expansion of secondary effector CD8+ T cells and their 

IFN-γ production [31]. However, the potential involvement of the GPR41 and GPR43 

receptors in CD8+ T cell priming and differentiation in vivo has not been explored in 

great detail. A reason why the role of GPR41 and GPR43 in CD8+ T cell responses is 

not well understood is due to the lack of clarity about their expression [160, 174, 184, 

185]. In our investigation, Ffar2 and Ffar3 were detectable at an RNA level in CD8+ T 

cells. The key findings in our study included the contribution of GPR41 and GPR43 in 

MPEC differentiaton, TNF-α production, and viral control. While MPEC differentiation 

was promoted by SCFA receptors in a CD8+ T cell extrinsic manner, TNF-α expression 

was influenced by CD8+ T cell intrinsic mechanisms. 

 

Currently, clonal antibodies against murine GPR41 and GPR43 are not 

commercially available which has hindered the analysis of GPR41 and GPR43 protein 

expression levels. Hence, we used RT-qPCR to measure mRNA levels expressed in 

T cells. In our study, we validated that despite being detected at low levels, Ffar2 and 

Ffar3 expression was indeed found in in vitro-activated CD8+ T cells derived from the 

spleen. Developing thymocytes, in contrast, expressed only Ffar2 at detectable levels. 

This implied that even at an immature developmental phase, T cells may have the 

potential to detect SCFAs in their microenvironment through GPR43. Our findings that 

mature CD8+ T cells express both receptors suggest that they may become more 

sensitive to SCFAs at an activated stage. Furthermore, butyrate appeared to regulate 

GPR41 and GPR43 receptor expression. This is in line with a separate study where 

CD4+ T cells treated with acetate and propionate upregulated SCFA receptor 

expression [124]. These results demonstrate that activated CD8+ T cells are likely able 

respond to SCFAs in their surroundings by regulating receptor expression which may 

increase their sensitivity to lower levels of SCFAs.  
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We found that CD8+ T cell priming was impacted by GPR41 and GPR43. These 

receptors significantly promoted the differentiation of endogenous CD8+ T cells into 

EECs and MPECs, in preference to SLECs. The EEC subset is the least differentiated 

of the three, followed by MPECs, and then SLECs [16]. SCFA sensing through GPR41 

and GPR43 therefore seems to play a role in slowing down or restraining differentiation 

following priming. MPECs are known to differentiate into long-lived and protective 

memory cells [29], suggesting that GPR41 and GPR43 may contribute to the optimal 

development of CD8+ T cell memory. MPEC/SLEC fate decisions are contingent on 

the level of inflammation [29], which is influenced by antigen levels. While GPR41/43-

deficient mice were less capable of viral control and hence possessed higher antigen 

levels than WT mice in our model of epicutaneous infection, this was not a confounder 

in the observed differentiation outcomes. GPR41/43-induced effects on MPEC 

formation could be reproduced in an i.v. infection model where antigen abundance 

was equal between groups. These results suggested that receptor signalling, not the 

antigen abundance, was the reason for differences in MPEC/SLEC differentiation 

between WT and GPR41/43-deficient mice. 

 

We only observed lower MPEC differentiation when CD8+ T cells were in an 

environment lacking GPR41 and GPR43, while receptor expression on the CD8+ T 

cells themselves did not affect differentiation outcomes. This pointed to 

GPR41/GPR43-associated MPEC differentiation being attributed to receptor activity 

in other cell types. A potential experiment to further investigate the CD8+ T cell intrinsic 

and extrinsic roles of these receptors would be the transfer of GPR41/GPR43-deficient 

gBT-I cells into WT recipients. Moving forward, further work is necessary to elucidate 

which cell types account for the MPEC/SLEC differentiation defects when GPR41/43 

signalling is lacking. DCs are an obvious cell type involved in priming. They are known 

to express GPR43 and upon binding to SCFAs, exhibit phenotypic as well as functional 

effects which include the skewing of B cell reponses [297, 298]. DCs may hence be 

potential candidates that mediate GPR41/43-dependent effects. CD4+ T cells promote 

effective CD8+ T cell priming through the provision of help signals [227] and guide 

them to form memory cells [299]. SCFA receptors may also influence such signals 

generated by CD4+ T cells during CD8+ T cell priming, although this has yet to be 

investigated.  



 98 

 

Apart from a role for SCFA receptor signalling in the MPEC/SLEC axis, we 

demonstrated that the functional response of the CD8+ T cells was also affected upon 

priming. Mice lacking GPR41 and GPR43 exhibited reduced TNF-α expression. 

Furthermore, we showed that GPR41 and GPR43 supported anti-viral immunity. 

Greater TNF-α expression by MPECs was associated with improved HSV-1 control in 

mice that were able to signal through GPR41 and GPR43. This was in line with reports 

that TNF-α was required for the immune control of HSV-1 [300, 301]. Although T cell-

extrinsic GPR41 and GPR43 activity influenced differentiation, optimal cytokine 

production depended on CD8+ T cell-intrinsic receptor signalling. When analysing the 

primary endogenous CD8+ T cell response, we observed an inferior TNF-α response 

in endogenous MPECs of GPR41/GPR43-deficient mice. Yet, TNF-α levels were 

similar in adoptively transferred WT gBT-I cells regardless of receptor expression in 

recipient mice, indicating that optimal TNF-α production was not disrupted so long as 

the T cells themselves expressed GPR41 and GPR43. 

 

In influenza-specific CD8+ T cells, GPR41 and GPR43 have been shown to 

promote TNF-α at an effector timepoint [181]. We furthered these findings in the 

context of HSV-1 infection by identifying the effector subset that this difference in 

expression arose from. Interestingly, we observed that the GPR41- and GPR43-

mediated induction of TNF-α was isolated to the MPEC compartment. Cytokine 

production of MPECs therefore could have been more dependent on SCFA sensing 

through GPR41 and GPR43 than SLECs were. This implies that SCFA receptors 

influence MPEC differentiation and function, conveying microbiome- and stress-

related changes in SCFA levels during viral infection. Of note, acetate levels rise 

following bacterial infection and other inflammatory conditions [160, 188] and could 

act as DAMPs on MPECs, regulating their effector function and differentiation into 

memory. 

 

In summary, our data highlight a role for GPR41 and GPR43 in CD8+ T cell 

priming. SCFA sensing through GPR41 and GPR43 promoted differentiation into 

MPECs and increased TNF-α expression of MPECs, which correlated with better viral 

control. In particular, we identified alterations in priming attributed to receptor 

signalling in a CD8+ T cell-intrinsic and extrinsic manner. GPR41 and GPR43 
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signalling are mechanisms by which SCFAs exert effects on cells. The 

immunomodulatory potential of SCFAs has led to the idea that these gut microbiota-

derived metabolites may hold promise as a therapeutic [302, 303]. Indeed, synthetic 

compounds with GPR43 agonistic properties reportedly attenuated dextran sulfate 

sodium-induced colitis in mice, suggesting potential clinical benefit [284]. Improving 

our knowledge of how GPR41 and GPR43 receptors influence CD8+ T cell priming will 

hence enable us to better understand mechanisms by which SCFAs interact with the 

immune system, and how SCFAs or GPR41/GPR43 agonists can be harnessed to 

promote T cell responses in diseases such as cancer.  
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Chapter 4 Establishing the role of butyrate in CD4+ 

T cell differentiation 

 

4.1 Introduction 

CD4+ T cells are important for co-ordinating and executing adaptive immune 

responses against pathogens and disorders including cancer. Their ability to 

differentiate into distinct subsets, such as Th1, Th2, Th17, Tregs and Tfh cells, allows 

them to respond in a context-specific manner induced by the modulation of master 

transcriptional regulators. For example, intracellular infections and cancer 

predominantly trigger polarisation into Th1 cells. Classical Th1 cells are characterised 

by the expression of the transcription factor T-bet and the pro-inflammatory cytokines 

IFN-γ and TNF-α, as well as low FoxO1 expression [304]. However, heterogeneity 

exists even within the Th1 population. For example, Ly6C+ Th1 cells have a stronger 

effector phenotype resulting in higher expression levels of IFN-γ [305]. The 

differentiation of CD4+ T cells hinges on a multitude of factors including antigen 

stimulation, exposure to cytokines and environmental influences, such as metabolite 

availability, although the latter remains unclear. Differentiation involves profound 

changes to the metabolic and epigenetic landscape of the cell, which specific 

metabolites are capable of inducing [13, 207, 306].  

 

The association between diet and disease outcome has been illustrated in the 

context of cancer immunotherapy. Dietary fibre, a substrate of microbiota fermentation 

resulting in the SCFA production, was found to be positively associated with patient 

responsiveness to ICB therapy in the form of anti-PD-1 and anti-PD-L1 [153, 256, 307, 

308]. Furthermore, faecal and plasma butyrate concentrations correlated with 

progression-free survival in patients with solid tumours [153, 309].  Gopalakrishnan et 

al. found an enrichment of Clostridiales, Ruminococcaceae, and Faecalibacterium in 

melanoma patients who had higher frequencies of effector Foxp3-CD4+ T cells and 

better anti-tumour cytokine responses, in particular the Th1 cytokine TNF-α [248]. 

Interestingly, other studies revealed that the bacteria identified by Gopalakrishnan et 

al. were known to be SCFA-producing gut commensals [310-313]. This perhaps hints 

at the ability of SCFAs to alter CD4+ T cell differentiation towards anti-tumour subsets. 
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Park et al. have proposed that acetate and propionate promoted the expression of T-

bet and IFN-γ under Th1 polarising conditions, enhancing Th1 formation [124]. 

However, a direct link between butyrate and CD4+ T cell differentiation into Th1 cells 

has yet to be uncovered.  

 

The role of the butyrate in Th1 cell differentiation is not well-explored as the 

original studies focused on the role of SCFA on inducible Tregs, followed up by work 

demonstrating the suppression of Th17 cell differentiation [313, 314]. Interestingly, 

using an in vitro setup, Kespohl and colleagues demonstrated that while low 

concentrations of butyrate promoted Treg formation, CD4+ T cells exposed to high 

levels of butyrate expressed increased the expression of T-bet and the Th1-associated 

cytokine IFN-γ [152]. This raised the question of whether butyrate is capable of 

inducing more than a regulatory phenotype in CD4+ T cells. Indeed, butyrate triggered 

Th0 cells to produce IFN-γ [152], but how closely the resulting cells resembled 

classical Th1 cells remains in question. Due to the potential link between diet, SCFAs 

and improved ICB therapy success in cancer patients, understanding the effects of 

the SCFA butyrate on Th1 cells in a systematic manner possesses clinical relevance.  

 

A subfraction of CD4+ T cells can exert cell-mediated cytotoxicity through 

granzyme, perforin and FasL, which are traditionally thought to be effector molecules 

of CD8+ T cells [46, 315]. Although the functional importance of cytotoxic CD4+ T cells 

has been demonstrated in cancer and viral infections [316, 317], their development 

remains relatively elusive. It has not yet been established whether they represent an 

independent lineage or originate from classical CD4+ T cell subsets such as Th1 cells, 

which can indeed possess overlapping features with cytotoxic CD4+ T cells [318-320]. 

Due to recent correlative studies, there is a growing interest in targeting selective CD4+ 

T cell subsets to enhance the effectiveness of cancer immunotherapies [321-323]. As 

such, further knowledge encompassing the consequences of butyrate on cytotoxic 

Th1 cell differentiation is required. In this chapter, we aimed to study whether butyrate 

could promote differentiation into and functionality of this subset, as well as the 

mechanisms through which butyrate induces these changes. 
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4.2 Results 

4.2.1 The SCFA butyrate is more effective than acetate and propionate in 

inducing a Th1-like phenotype in CD4+ T cells 

As a detailed analysis of the role of butyrate in CD4+ T cell differentiation is lacking, 

we used gDT-II cells, which are transgenic I-Ab-restricted CD4+ T cells specific for the 

HSV-1 glycoprotein D-derived epitope gD315-327. Using splenocytes pulsed with their 

cognate antigen, we in vitro-activated gDT-II cells without the addition of polarising 

cytokines or blocking antibodies but with the addition of LPS and IL-2. In addition to 

earlier reports identifying a default Th1 polarisation in mice of B6 background [324, 

325], IL-2 supplementation is known to induce the expression of Th1-associated 

factors such as T-bet and IFN-γ [293, 326]. As majority of DCs undergo apoptosis 

within the initial 2 days of culture, SCFAs treatment was provided on days 3 to 5 to 

reflect direct SCFA exposure upon activation. gDT-II cells were identified by gating on 

live CD45.1+CD4+Vα3.2+ cells (Figure 4.1A). As expected, we observed a preference 

for gDT-II cells activated using this protocol to express the Th1 master transcription 

factor T-bet (Figure 4.1B). These cells expressed very low levels of the Treg and Tfh 

master transcription factors Foxp3 and Bcl-6 respectively, and all 3 types of SCFAs 

did not induce significant changes to the expression of these transcription factors (data 

not shown). Interestingly, butyrate further promoted T-bet expression more effectively 

than acetate or propionate (Figure 4.1B).  

 

To validate that the butyrate-mediated T-bet upregulation was not simply a feature of 

transgenic CD4+ T cells, we similarly treated polyclonal CD4+ T cells that had been 

activated with anti-CD3 and anti-CD28 in the absence of LPS. Comparable results 

were observed in T-bet expression in antigen- and polyclonally-activated CD4+ T cells, 

indicating that the effects of butyrate on T-bet expression were not specific to gDT-II 

cells and furthermore were not confounded by activation protocols (Figure 4.1C). The 

ability of butyrate to enhance T-bet expression more than acetate and propionate 

prompted us to further investigate the effects of butyrate on CD4+ T cell differentiation 

and function in this chapter.  
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Figure 4.1 Butyrate is more effective at promoting a Th1-like phenotype than 

acetate and propionate. 

(A and B) gDT-II cells were activated in vitro with splenocytes pulsed with the        

gD315-327 peptide, and cultured in the presence of LPS and IL-2. Cells were treated with 

0.5 mM acetate (Ace), propionate (Prop) or butyrate (But) from days 3 to 5. No short 

chain fatty acid treatment was provided to the control (Ctrl) group. Analysis of gDT-II 

cells was performed on day 6 post-activation by gating on live cells that expressed 

CD45.1, CD4 and Vα3.2. The representative gating strategy is shown in (A). T-bet 

expression of gDT-II cells is shown as the mean fluorescence intensity (MFI), 

normalised to that of the untreated group (B). (C) Polarisation of in vitro-activated gDT-

II cells and polyclonal CD4+ T cells activated with anti-CD3 and anti-CD28 into Th1 

cells are expressed as the normalised mean fluorescence intensities (MFI) of T-bet. 

Data in (B and C) are presented as the MFI of n = 2 – 7 independent experiments. 

Asterisks indicate statistically significant differences as analysed by a one-way 

ANOVA test or Student’s t-tests (* p < 0.05, ** p < 0.01, *** p < 0.001).  

  



 105 

4.2.2 Butyrate promotes CD4+ T cell differentiation into cytotoxic Th1 cells 

To obtain a broad overview on how butyrate affects CD4+ T cell activation, we 

studied the lymph node-homing molecule CD62L as well as the activation markers 

CD25 and PD-1, which undergo changes in expression upon T cell stimulation. 61  

5.9% and 93  1.7% of control CD4+ T cells expressed CD62L and CD25 respectively, 

while PD-1 was expressed at very low levels (0.90  0.22%) (Figure 4.2A). The 

expression of all three markers were minimally changed by butyrate, indicating that 

butyrate did not alter CD4+ T cell activation. We proceeded to analyse the expression 

of markers that are functionally relevant to T-bet-expressing CD4+ T cells, such as 

Ly6C [327] and CXCR3 [328]. Ly6C which is upregulated by effector Th1 cells [305] 

was augmented from 51  2.7% to 77  2.9% upon butyrate treatment (Figure 4.2B). 

In contrast, butyrate did not alter the expression of CXCR3 (Figure 4.2C), a chemokine 

receptor inducing migration to inflammatory sites [329]. These results indicated that 

butyrate induced an Th1-like effector phenotype in CD4+ T cells, but did not influence 

the expression of the chemokine receptor CXCR3.  

 

Apart from Ly6C and CXCR3 expression, another characteristic of Th1 cells is 

the downmodulation of the transcription factor FoxO1 that opposes T-bet expression 

[57, 304, 330] and can induce memory formation [52]. Despite the upregulation of T-

bet, butyrate mediated an increase in FoxO1 expression (Figure 4.2D). This 

suggested that butyrate did not induce classical Th1 cells. A subset of cytotoxic CD4+ 

T cells shares features with Th1 cells, such as T-bet expression [46]. Eomes has been 

suggested to be amongst one of the main transcription factors driving this cytotoxic 

phenotype [293]. We observed that Eomes expression was similar between control 

and butyrate-treated CD4+ T cells, suggesting that Eomes-driven effector function may 

not be altered by butyrate (Figure 4.2E).  
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Figure 4.2 Butyrate upregulates classical and non-classical Th1 cell features in 

CD4+ T cells.  

gDT-II cells were in vitro activated by co-culture with splenocytes pulsed with the 
gD315-327 peptide, LPS and IL-2 supplementation. Cells were treated with 0.5 mM 
butyrate (But) on days 3 to 5 after activation, or remained untreated (control; Ctrl). 
Analysis was performed 6 days after activation. (A) The proportions of gDT-II cells 
expressing the activation markers CD62L, CD25 and PD-1 were measured. (B) The 
proportion of gDT-II cells expressing Ly6C is shown. Representative contour plots 
display Ly6C expression against CD4 within the total gDT-II cell population. (C) The 
normalised mean fluorescence intensity (MFI) of chemokine receptor CXCR3 was 
measured. (D) FoxO1 expression in control and butyrate-treated gDT-II cells is 
expressed as MFIs normalised to the average expression in the untreated group. 
(E) Eomes expression in gDT-II cells is expressed as MFIs normalised to the average 
expression in the untreated group. Representative histograms showing transcription 
factor expression in gDT-II cells are depicted in (D, E). Data are presented as MFI 
values or mean + SEM of n = 3 – 7 from independent experiments. Asterisks indicate 
statistically significant differences as analysed by paired Student’s t-tests (* p < 0.01, 
**** p < 0.0001).   
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Both T-bet and Eomes are known to be regulators of cytotoxic Th1-associated 

cytokines and cytotoxic mediators [58, 293, 331-333]. We therefore restimulated the 

CD4+ T cells and investigated the effects of butyrate on the expression of pro-

inflammatory cytokines, as well as the cytotoxic mediators granzyme B, perforin and 

FasL. Control CD4+ T cells produced low levels of IFN-γ (25  2.5%), but butyrate 

promoted its expression by approximately 2.5-fold to 63  5.5% (Figure 4.3A). TNF-α 

expression was similarly high in both groups at an estimated level of 93% (Figure 

4.3A). Butyrate was also effective at increasing the expression of granzyme B (Ctrl, 

61  2.5%; But, 74  1.8%) and FasL (Ctrl, 64  3.2%; But, 84  3.0%) (Figure 4.3A). 

Perforin too was upregulated by butyrate by more than 2-fold, but its expression 

remained low (Ctrl, 3.0  0.58%; But, 7.3  1.0%) (Figure 4.3A). This highlighted that 

despite not regulating Eomes expression, butyrate triggered greater cytotoxic Th1-

associated effector molecule production.  

 

It has been demonstrated that Ly6C can be used as a marker for Th1 cells that 

are better equipped to produce IFN-γ and granzyme B in LCMV infection [305]. As we 

observed that the effector Th1 marker Ly6C was augmented upon butyrate treatment 

(Figure 4.2B), we tested whether Ly6C+ and Ly6C- cells differed in their responses to 

butyrate. We analysed the expression of IFN-γ, TNF-α and granzyme B within the 

Ly6C+ and Ly6C- CD4+ T cell populations. IFN-γ and granzyme B expression were 

approximately doubled in Ly6C+ effectors compared to their Ly6C- counterparts in the 

untreated controls (Figure 4.3B). With the addition of butyrate, IFN-γ was significantly 

upregulated by more than 2-fold in the Ly6C- (Ctrl, 16  1.3%; But, 35   3.2%) and 

Ly6C+ cells (Ctrl, 26  1.9%; But, 51   3.1%). Butyrate also promoted granzyme B 

both in the Ly6C- (Ctrl, 27  3.4%; But, 48   5.1%) and Ly6C+ (Ctrl, 52  0.66%; But, 

66  1.9%) populations (Figure 4.3B). In contrast, TNF-α production appeared 

independent of Ly6C expression and butyrate treatment (Figure 4.3B). Butyrate 

therefore promoted cytokine and cytotoxic molecule expression in CD4+ T cells 

independently of Ly6C-demarkated populations. Of note, butyrate enabled Ly6C- 

CD4+ T cells, which are known to be poorer effectors, to resemble control Ly6C+ cells. 

 

Altogether, butyrate promoted the upregulation of classical Th1 markers T-bet, 

Ly6C and effector molecules. Although cytotoxic mediator expression was augmented 
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by butyrate, this was Eomes-independent and appeared unique compared to typical 

cytotoxic CD4+ T cells that have been previously described. Furthermore, the 

stemness-associated marker FoxO1 that butyrate upregulated typically represses 

classical Th1 differentiation. This suggests that while butyrate induces a pro-

inflammatory phenotype in CD4+ T cells that shares some features with cytotoxic Th1 

cells, butyrate-treated cells show non-classical transcriptional control. 
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Figure 4.3 Butyrate promotes pro-inflammatory effector molecule expression.  

gDT-II cells were activated in vitro using splenocytes pulsed with the gD315-327 peptide 

and treated with 0.5 mM butyrate (But) on days 3 to 5 post-activation. Untreated gDT-II 

cells were used as controls (Ctrl). On day 6, cells were re-stimulated with PMA and 

ionomycin. Intracellular staining for cytokines and cytotoxic mediators was performed. 

(A) The frequencies of gDT-II cells expressing IFN-γ, TNF-α, granzyme B (GzmB), 

perforin and Fas ligand (FasL) are shown. Representative contour plots showing 

effector molecules expression of gDT-II cells against CD44 are depicted. (B) gDT-II 

cells were subdivided into Ly6C- and Ly6C+ populations. The expression in IFN-γ, 

TNF-α, and granzyme B by Ly6C- and Ly6C+ subsets are indicated. Data are 

presented as normalised MFI values or mean + SEM of n = 3 – 9 independent 

experiments. Asterisks indicate statistically significant differences as analysed by 

paired Student’s t-tests or two-way ANOVA tests (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001).   
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4.2.3 Butyrate-treated CD4+ T cells express more FoxO1 than classical Th1 

cells 

Having demonstrated the ability of butyrate to promote a pro-inflammatory 

phenotype in CD4+ T cells, we sought to assess how closely butyrate-treated CD4+ T 

cells resembled classical Th1 cells. We generated classical Th1 cells by activating 

gDT-II cells in the presence of IL-12 and anti-IL-4, and compared them to butyrate-

treated gDT-II cells cultured without these polarising factors. Butyrate-treated and 

classical Th1 cells both upregulated T-bet to similar extents, relative to untreated 

controls (Figure 4.4A). This indicated that butyrate was able to induce T-bet 

expression to the same extent as IL-12 and anti-IL-4. Interestingly, we detected a 

difference in FoxO1 expression between butyrate-treated cells and classical Th1 cells, 

where butyrate induced FoxO1 expression more than the latter (Figure 4.4B). This 

signified that despite the upregulation of T-bet, this aspect of butyrate-induced 

transcriptional regulation was distinct from classical Th1 cells.  

 

As we had detected increased cytokine expression following butyrate 

treatment, we next compared these levels to the cytokine profile of classical Th1 cells. 

CD4+ T cells from the butyrate and classical Th1 groups expressed similar levels of 

IFN-γ, TNF-α and granzyme B (Figure 4.4C). Interestingly, the frequency of Th1 cells 

expressing perforin was comparable to the untreated controls but consistently lower 

than butyrate-treated cells (Figure 4.4C). FasL expression was marginally elevated in 

the butyrate-treated group compared to classical Th1 cells but this difference did not 

reach significance (Figure 4.4C). Butyrate-treated CD4+ T cells hence have a similar 

effector molecule profile as classical Th1 cells.  

 

Together, we showed that classical Th1 polarising factors did not completely 

replicate the effects of butyrate, suggesting that butyrate’s mechanism may be distinct 

to that of IL-12 and anti-IL-4. Importantly, the upregulation of stemness-associated 

factor FoxO1 by butyrate and not IL-12/anti-IL-4-mediated polarisation was unique to 

butyrate-treated CD4+ T cells.  
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Figure 4.4 Butyrate simultaneously promotes classical Th1-associated marker 

expression and FoxO1.  

gDT-II cells were activated in vitro with splenocytes pulsed with the gD315-327 peptide 

in the absence or presence of the classical Th1 polarising conditions IL-12 and anti-

IL-4. Cells that were not exposed to Th1 polarising factors were either cultured with 

0.5 mM butyrate (But) on days 3 to 5 post-activation, or remained untreated (control; 

Ctrl). Classical Th1 cells were not treated with butyrate. Analysis was performed on 

day 6 after activation. (A) Th1 polarisation is shown as the mean fluorescence intensity 

(MFI) of T-bet normalised to the untreated gDT-II cells. Representative histograms are 

indicative of T-bet expression in naïve gDT-II cells, untreated gDT-II controls, But-

treated gDT-II cells and gDT-II Th1 cells. (B) The MFI of FoxO1 was normalised to the 

untreated group. Representative histograms are indicative of FoxO1 expression in 

naïve gDT-II cells, untreated gDT-II controls, But-treated gDT-II cells and gDT-II Th1 
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cells. (C) Intracellular staining for cytokines and cytotoxic mediators was performed 

using PMA and ionomycin for re-stimulation for 5 hours. The frequencies of gDT-II 

cells expressing IFN-γ, TNF-α, granzyme B (GzmB), perforin and Fas ligand (FasL) 

are shown. IFN-γ and TNF-α expression of unstimulated cells and GzmB, perforin and 

FasL of fluorescence minus one samples were used as negative controls (blue). 

Representative contour plots show effector molecule expression against CD44 within 

the gDT-II population. Data are presented as normalised MFI values or mean + SEM 

of n = 3 – 4 independent experiments. Asterisks indicate statistically significant 

differences as analysed by one-way ANOVA tests (* p < 0.05, ** p < 0.01, 

*** p < 0.001).   
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4.2.4 The Th1-like phenotype induced by butyrate is maintained in vivo upon 

HSV-1 infection 

To investigate the effects of butyrate-induced upregulation of T-bet and Ly6C 

in an infection model, we tested their expression following adoptive transfer and HSV-

1 infection (e.c.). gDT-II cells were activated with gD315-327-loaded splenocytes as 

described above and treated with butyrate daily from day 2 to 5 (Figure 4.5A). On day 

6, CD45.1+ gDT-II cells were adoptively transferred into naïve CD45.2+ B6 recipients. 

To allow cells to rest, mice were infected with HSV-1 by flank scarification 14 days 

post-transfer. Vα3.2+CD45.1+CD4+ gDT-II cells in the spleens, skin, and draining 

brachial lymph nodes (bLNs) of mice were analysed on day 7 post-infection.  

 

As expected, a high proportion of splenic gDT-II cells expressed T-bet following 

HSV-1 infection, validating their differentiation into Th1-like cells (Figure 4.5B). 

Butyrate pre-treatment importantly enhanced T-bet expression further (Ctrl, 74  4.9%; 

But, 86  2.4%) (Figure 4.5B), in line with their phenotype prior to adoptive transfer. 

Similarly, higher T-bet expression was observed in the bLN of the butyrate group (73 

 2.8%) than controls (57  2.7%) (Figure 4.5B). These results suggested that T-bet 

upregulation by butyrate was stable and detectable even after secondary antigen 

exposure. Ly6C expression marked cells that produced IFN-γ and granzyme B at high 

levels in vitro (Figure 4.3B). Following infection, Ly6C expression in the spleen, skin 

and bLN of the butyrate treatment group was at least greater than the controls by 1.4-

fold, 1.7-fold and 1.5-fold respectively (Figure 4.5C). Hence, gDT-II cells that were pre-

treated with butyrate promoted this Th1 effector marker in both the secondary 

lymphoid organs and at the site of infection. Short-term in vitro butyrate exposure 

therefore induces long-lasting effects, which persists even after pathogenic infection.  
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Figure 4.5 The stronger Th1-like differentiation induced by butyrate in vitro is 

maintained following HSV-1 infection in vivo.  

Ly5.1+ gDT-II cells were activated in vitro with gD315-327-pulsed splenocytes, and were 

either untreated (control; Ctrl) or treated with 0.5 mM butyrate (But) on days 2 to 5. On 

day 6, 1 x 106 cells were intravenously (i.v.) transferred into Ly5.2+ wildtype (WT) 

recipients. 14 days later, mice were epicutaneously (e.c.) infected with 1 x 106 plaque 

forming units (PFU) HSV-1. The spleen, skin and the draining brachial lymph nodes 

(bLNs) were collected on day 7 post-infection. (A) Schematic of experimental setup.  

(B) The frequency of gDT-II cells from the spleen and bLNs that expressed T-bet. The 

representative contour plots show T-bet expression of gDT-II cells against CD4. 

(C) Ly6C+ cells in spleens, skins and bLNs were expressed as a frequency of total 

gDT-II cells. Representative contour plots show Ly6C expression against Ly5.1 within 

the gDT-II population. Data are presented as mean + SEM of n = 7 – 10 mice from at 

least 2 pooled independent experiments. Asterisks indicate statistically significant 

differences as analysed by two-way ANOVA tests (* p < 0.05, ** p < 0.01, **** p < 

0.0001). 
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4.2.5 The mechanisms of butyrate: receptors, metabolism and epigenetic 

modifications 

The complex regulatory effects of SCFAs in different cell types have mainly 

been attributed to the following mechanisms of action: SCFA receptor signalling, 

epigenetic modifications, and metabolic rewiring [186, 334, 335]. In this sub-chapter, 

we aimed to identify which of these mechanisms resulted in the observed non-classical 

cytotoxic Th1-like phenotype. Of note, butyrate-engaged mechanisms overlap with 

mechanisms required for Th1 lineage commitment. This includes specific molecules 

that participate in the GPR41 and GPR43 signalling cascades, metabolic changes and 

hyperacetylation of Ifng and Tbet promoters [89, 173, 336-341]. As such, we 

investigated the importance of these mechanisms in butyrate-driven differentiation and 

functionality. 

 

4.2.5.1 The expression of GPR41 and GPR43 is dispensable for Th1 induction 

by butyrate in vitro 

In Chapter 3, we highlighted a role for GPR41 and GPR43 in supporting optimal 

memory potential and effector function of CD8+ T cells. We hence sought to evaluate 

whether butyrate may be inducing changes in CD4+ T cell differentiation and function 

through its G protein-coupled receptors. Using RT-qPCR, we measured the 

expression of Ffar2, Ffar3 and Hcar2 (which encode GPR43, GPR41 and GPR109a 

respectively) in activated CD4+ T cells that were cultured in the presence and absence 

of butyrate to determine if CD4+ T cells expressed these receptors and if butyrate was 

capable of regulating their expression. mRNA transcripts of Ffar2 and Hcar2, but not 

Ffar3, were detected in untreated control CD4+ T cells (Figure 4.6A). Importantly, all 

SCFA receptor transcripts were upregulated after butyrate treatment by up to 8-fold 

(Figure 4.6A). As such, this suggests that CD4+ T cells can detect SCFAs via 

receptors, and butyrate positively regulated SCFA receptor gene expression. 
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Figure 4.6 Butyrate does not alter CD4+ T cell polarisation through GPR41 and 

GPR43. 

(A) Wildtype (WT) gDT-II cells were activated in vitro with splenocytes pulsed with the 

gD315-327 peptide and LPS, and supplemented with IL-2. Cells were cultured in the 

absence (Control; Ctrl) or presence of 0.5 mM butyrate (But) from days 3 to 5, and 

analysed on day 6. Ffar2, Ffar3 and Hcar2 expression in activated WT CD4+ T cells 

were analysed using real-time quantitative polymerase chain reaction. (B – D) WT and 

Ffar2–/–;Ffar3–/– polyclonal CD4+ T cells were activated in vitro using anti-CD3ε and 

anti-CD28. Cells were cultured in the absence or presence of 0.5 mM butyrate from 
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days 3 to 5, and analysed on day 6 using flow cytometry by gating on live CD4+CD8- 

cells. The representative gating strategy is shown in (B). The mean fluorescence 

intensity (MFI) of T-bet expression in untreated control and butyrate-treated cells from 

WT and Ffar2–/–;Ffar3–/– mice (C). Cells were re-stimulated with PMA and ionomycin. 

IFN-γ, TNF-α, granzyme B (GzmB), perforin and Fas ligand (FasL) expression is 

shown as the frequency of CD4+ T cells (D). Data are presented as mean of n = 2 

replicates in a single experiment in (A), and normalised MFI values or mean + SEM of 

n = 3 independent experiments in (C and D). Asterisks indicate statistically significant 

differences as analysed by two-way ANOVA tests (* p < 0.05, ** p < 0.01, *** p < 

0.001). No statistical testing was performed in (A) due to the sample size. 
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Next, we tested the role of GPR41 and GPR43 expression in butyrate-mediated 

T-bet upregulation using polyclonal CD4+ T cells that were isolated from WT and 

Ffar2–/–;Ffar3–/– mice and activated with anti-CD3ε and anti-CD28 in vitro. Live 

CD4+CD8- cells were gating on using flow cytometric analysis (Figure 4.6B). 

Regardless of GPR41 and GPR43 expression, T-bet expression was comparable in 

CD4+ T cells cultured in the absence of butyrate (Figure 4.6C). Moreover, butyrate 

promoted T-bet expression to similar extents in both the WT and Ffar2–/–;Ffar3–/– 

groups. As GPR41/43 were required by CD8+ T cells to induce optimal TNF-α 

production (Chapter 3), Th1 effector molecule expression was compared in these 

experiments. Butyrate-treated GPR41- and GPR43-deficient CD4+ T cells expressed 

greater levels of IFN-γ, granzyme B, perforin and FasL compared to their untreated 

counterparts (Figure 4.6D). This trend was similar to the WT groups (Figure 4.6D). 

TNF-α remained comparable in both groups (Figure 4.6D). This indicated that in vitro 

induction of T-bet expression and Th1 effector molecules were independent of 

butyrate sensing by GPR41 and GPR43. 

 

4.2.5.2 Butyrate- and histone acetylation-induced effector molecule expression 

are similar 

Butyrate is a well-known inhibitor of HDACs, and its metabolic intermediate 

acetyl-CoA can act as a substrate for histone acetyltransferases [166, 339, 342]. 

Increased histone acetylation provides a more permissive chromatin state, allowing 

for gene transcription. Acetate’s induction of the Th1 lineage has been suggested to 

be a result of histone acetylation [124]. We therefore measured histone acetylation in 

butyrate-treated cells directly and compared this to cells treated with TSA, a pan-

HDAC inhibitor. Our Western blot analyses detected that butyrate induced more total 

histone H3 acetylation (H3ac) compared to untreated cells, and was similar to the 

positive control TSA (Figure 4.7A).  
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Figure 4.7 Butyrate induces histone H3 acetylation. 

gDT-II cells were were activated in vitro with splenocytes pulsed with the gD315-327 

peptide and LPS, and supplemented with IL-2. Cells were cultured in the absence or 

presence of 0.5 mM butyrate (But) or 15 nM Trichostatin A (TSA) from days 3 to 5. 

Th1 cells were generated from IL-12 and anti-IL-4 treatment. Analysis was performed 

on day 6. (A) Representative Western blots of histone H3 acetylation (H3ac) are 

shown. Histone H3 and β-actin were used as loading controls. (B) The frequency of 

gDT-II cells possessing histone H3 lysine 27 acetylation (H3K27ac) was measured. 

(C) The frequency of gDT-II cells possessing histone H3 lysine 9 acetylation (H3K9ac) 

was measured. Representative contour plots showing histone H3K27ac and H3K9ac 

against histone H3 of gDT-II cells are depicted in (B and C). Data are representative 

of n = 3 experiments. Asterisks indicate statistically significant differences as analysed 

by one-way ANOVA tests (* p < 0.05, **** p < 0.0001).   
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To extend these findings on histone H3 acetylation, we investigated quantitative 

changes in acetylation of specific lysine residues of histone 3 using a flow cytometric 

approach. Acetylation of histone H3 lysine 27 (H3K27ac) and histone H3 lysine 9 

(H3K9ac) have been identified at promoters of genes encoding pro-inflammatory 

cytokine and cytotoxic mediators in classical Th1 cells [341, 343]. We discovered that 

56 ± 1.8% of untreated in vitro-activated CD4+ T cells possessed high levels of 

H3K27ac, whereas these levels were greater in butyrate- and TSA-treated cells (But, 

77 ± 4.4%; TSA, 80 ± 4.2%) (Figure 4.7B). This indicated that butyrate had a high 

capacity to induce acetylation of H3K27. In contrast, 53 ± 7.4% of classical Th1 cells 

possessed H3K27 hyperacetylation, suggesting that butyrate induced more 

acetylation of H3K27 than Th1 polarising factors. H3K9 acetylation was also detected 

in 81 ± 1.8% of butyrate-treated cells and 86 ± 1.2% of TSA-treated cells, which were 

considerably greater than untreated controls (38 ± 5.3%) and Th1 cells (31 ± 2.8%) 

(Figure 4.7C). Butyrate therefore led to hyperacetylation of histone H3 residues which 

are known to carry functional importance in Th1 lineage commitment and function. 

 

To determine if butyrate induced this phenotype specifically by histone 

acetylation, we next aimed to identify if TSA-mediated histone acetylation induced a 

similar non-classical cytotoxic Th1 phenotype. Activated gDT-II cells that received 

either butyrate or TSA treatment for 3 days were analysed for their subset 

differentiation and memory-associated phenotype. The range of 5 – 15 nM TSA that 

we selected had been found to be effective in prior T cell studies [162, 344]. While a 

small but insignificant dose-dependent effect on T-bet was recorded, FoxO1 

expression was comparable to untreated CD4+ T cells after TSA treatment (Figure 

4.8A and B). As butyrate-induced T-bet and FoxO1 levels were significantly greater 

than that of TSA-treated cells at all concentrations tested, histone acetylation alone 

could not reproduce butyrate’s induction of T-bet and FoxO1.  

 

CD4+ T cells were re-stimulated to evaluate how histone acetylation modulates 

effector molecule expression. Interestingly, TSA had a dose-dependent effect on most 

effector molecules, indicating some level of regulation by histone acetylation. IFN-γ 

was expressed by 75  1.0% of butyrate-treated cells, compared to 68  4.7% of 15 nM 

TSA-treated cells (Figure 4.8C). This highest concentration of TSA was also able to 
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promote TNF-α and FasL to a similar level as butyrate (Figure 4.8C). Both butyrate 

and TSA (at a concentration as low as 5 nM) increased granzyme B expression to a 

comparable level (Figure 4.8C). In contrast, butyrate upregulated perforin 

considerably more than TSA (But, 14  1.3 %; 15 nM TSA, 3.5  0.79%) (Figure 4.8C). 

This provides evidence that histone acetylation facilitates cytokine and cytotoxic 

mediator upregulation. The relatively greater dependency of IFN-γ, TNF-α, granzyme 

B, and FasL expression on histone acetylation was evident, while histone acetylation 

only had a minor contribution to perforin expression. As butyrate and TSA induced 

similar levels of histone H3 acetylation, it is tempting to speculate that butyrate-

induced histone acetylation may play a major role in the augmentation of effector 

molecule expression, with the exception of perforin. 
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Figure 4.8 Histone acetylation promotes effector molecule expression. 

gDT-II cells were activated in vitro with splenocytes pulsed with the gD315-327 peptide 

and LPS, and supplemented with IL-2. Cells were cultured with 0.5 mM butyrate (But), 

5 – 15 nM Trichostatin A (TSA) or were left untreated (Control; Ctrl) from days 3 to 5, 

and analysed on day 6. (A) The mean fluorescence intensity (MFI) of T-bet in gDT-II 

cells was normalised to the average T-bet MFI of the untreated group. Representative 

histograms depicting T-bet expression within gDT-II cells is shown. (B) The MFI of 

FoxO1 in gDT-II cells was normalised to the average FoxO1 MFI of the untreated 

group. Representative histograms depicting FoxO1 expression within gDT-II cells is 

shown. (C) Cells were restimulated with PMA and ionomycin for 5 hours. IFN-γ, TNF-α, 

granzyme B (GzmB), perforin and Fas ligand (FasL) expression are expressed as the 

frequencies of gDT-II cells. Representative contour plots depict effector molecule 

expression of gDT-II cells against CD44. Data are presented as mean + SEM, n = 3 

independent experiments. Asterisks indicate statistically significant differences as 
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analysed by one-way ANOVA tests (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001).   
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4.2.5.3 The glycolytic reserve and spare respiratory capacity of CD4+ T cells are 

enhanced by butyrate 

Th1 polarisation is accompanied by a shift towards anabolic metabolism 

characterised by cell growth and the synthesis of cellular products [345]. Upregulated 

glucose uptake and glycolysis in Th1 cells are particularly crucial in the effector phase 

to facilitate greater cytokine production [346, 347]. To assess the impact of butyrate 

on glycolysis, we performed a Seahorse Glycolysis Stress Test. Changes in the 

extracellular acidification rate (ECAR), a result of proton extrusion during glycolysis, 

were measured at various timepoints upon sequential addition of glucose as substrate 

for glycolysis, followed by oligomycin to inhibit mitochondrial ATP production and shift 

metabolic reliance to glycolysis, and finally 2-deoxy-D-glucose (2-DG) that inhibited 

glycolysis (Figure 4.9A). We compared untreated and butyrate-treated CD4+ T cells to 

classical Th1 cells due to their known high glycolytic rate, which is understood to be 

intimately linked to their IFN-γ production [348]. As expected, classical Th1 cells 

exhibited a higher glycolytic level than untreated controls (Ctrl,  25 ± 2.3 mpH/min; 

Th1, 34 ± 1.5 mpH/min) (Figure 4.9B). We identified a low rate of glycolysis in butyrate-

treated CD4+ T cells (10 ± 0.39 mpH/min), which was less than half of that of their 

untreated counterparts and a third of Th1 cells (Figure 4.9B). Compared to Th1 cells, 

butyrate-treated cells also exhibited significantly lower levels of glycolytic capacity, 

which refers to the maximum ECAR rate (Figure 4.9B). Interestingly, butyrate 

increased the glycolytic reserve of CD4+ T cells relative to untreated controls and Th1 

cells (Figure 4.9B). This implied that butyrate-treated cells possessed a greater 

potential to increase ATP production through glycolysis under stress. Together, these 

findings suggested that butyrate-treated cells and classical Th1 cells were 

metabolically distinct.  

 

Epigenetic modifications and cellular metabolism are able to influence each 

other bi-directionally [349, 350]. In particular, HATs and HDACs can regulate the 

expression and activity of metabolic enzymes [351]. To understand how histone 

acetylation influences glycolysis in CD4+ T cells and if this mechanism contributed to 

butyrate-mediated glycolytic changes, we compared the effect of TSA to butyrate. We 

made the interesting observation that TSA-induced changes in CD4+ T cell 

metabolism trended similarly to butyrate, although the differences in glycolysis, 

glycolytic capacity and glycolytic reserve compared to untreated controls were not 
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statistically significant (Figure 4.9B). This suggests that histone acetylation likely 

influenced glycolysis, and is potentially a mechanism by which butyrate reduced 

glycolytic metabolism. 

 

Both glycolysis and FAO provide substrates for the TCA cycle and oxidative 

phosphorylation which occur in the mitochondria. Mitochondrial respiratory Complex I 

is reportedly important for CD4+ T helper cell epigenetic remodelling at early 

timepoints, while Complex II supports Th1 terminal effector cell function [352]. To 

analyse the effects of butyrate on CD4+ T cell mitochondrial respiration, we measured 

the oxygen consumption rate (OCR), which is proportional to mitochondrial respiration, 

using a Seahorse Cell Mito Stress Test (Figure 4.9C). These measurements were 

performed upon sequential addition of oligomycin, carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP) which disrupts the mitochondrial 

membrane potential, and Complex I and III inhibitors rotenone and antimycin A that 

inhibit mitochondrial respiration and enable measurements of acidification (Figure 

4.9C). Butyrate had negligible effects on the basal respiration, maximal respiration and 

mitochondrial ATP production of CD4+ T cells relative to untreated controls (Figure 

4.9D). Furthermore, the basal respiration and mitochondrial ATP production rate of 

butyrate-treated CD4+ T cells were lower than that of Th1 cells, although these 

differences were not statistically significant (Figure 4.9D). We however, detected that 

the spare respiratory capacity, indicative of the ability of the cell to respond to an 

energetic demand through mitochondrial respiration, was greater in butyrate-treated 

CD4+ T cells than untreated controls and Th1 cells (Figure 4.9D). Our findings 

indicated that butyrate may enable CD4+ T cells to adapt better to metabolically 

stressful conditions through mitochondrial respiration. 

 

When assessing the effects of histone acetylation in mitochondrial metabolism, 

we found that TSA-treated CD4+ T cells did not significantly differ from all other groups 

in terms of their basal respiration, maximal respiration and mitochondrial ATP 

production (Figure 4.9D). The spare respiratory capacity of the TSA and butyrate 

groups showed a similar trend relative to untreated controls and Th1 cells (Figure 

4.9D). Altogether, butyrate may increase the propensity of the cell to meet sudden 

rises in energy demands through glycolysis and mitochondrial respiration. Butyrate 

alters the metabolic profile of CD4+ T cells in a manner that is distinct from classical 
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Th1 cells, and instead bears a closer resemblance to cells possessing histone 

hyperacetylation.  
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Figure 4.9 Butyrate increases CD4+ T cell glycolytic reserve and spare 

respiratory capacity. 

gDT-II cells were activated in vitro with splenocytes pulsed with the gD315-327 peptide 

and LPS, in the absence or presence of classical Th1 polarising conditions (IL-12 and 

anti-IL-4). Cells that were not exposed to Th1 polarising factors were either cultured 

with 0.5 mM butyrate (But) or 15 nM Trichostatin A (TSA) on days 3 to 5 post-

activation, or remained untreated (Control; Ctrl). Seahorse metabolic assays were 

performed on day 6 after activation. (A, B) Glycolysis Stress Tests were performed. 

The extracellular acidification rates (ECAR) of CD4+ T cells were measured under 
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basal conditions, and in response to glucose, oligomycin (Oligo) and 2-deoxy-D-

glucose (2-DG) (A). Glycolysis, glycolytic capacity and glycolytic reserve are shown in 

(B). (C, D) Mito Stress Tests were performed. The oxygen consumption rate (OCR) of 

CD4+ T cells was measured under basal conditions, and in response to Oligo, carbonyl 

cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and rotenone and antimycin A 

(Rot/AA) (C). The basal respiration, maximal respiration, ATP production and spare 

respiratory capacity of groups are shown in (D). Data are presented as mean ± SEM 

(A, C) or mean + SEM (B, D) of n = 3 experiments. Asterisks indicate statistically 

significant differences as analysed by one-way ANOVA tests (* p < 0.05, ** p < 0.01).   
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4.2.6 Butyrate regulates Th1-like differentiation through FoxO1 

FoxO1 is a transcription factor that regulates T cell survival, homeostasis and 

differentiation [52, 353, 354]. As FoxO1 is reportedly downregulated upon Th1 

polarisation [354], we found it interesting that butyrate induced both a Th1 phenotype 

and FoxO1 expression simultaneously. To better understand the role of FoxO1 

induction, we studied this relationship further by treating activated gDT-II cells with the 

FoxO1 inhibitor (FoxO1i) AS1842856 at a range of concentrations, 30 minutes prior to 

daily butyrate treatment. FoxO1i treatment did not appreciably alter FoxO1 expression 

in control CD4+ T cells, but completely negated butyrate-mediated FoxO1 upregulation 

at all FoxO1i concentrations (Figure 4.10A). This suggests that FoxO1 likely 

upregulated its own expression in butyrate-treated CD4+ T cells. To better understand 

the interplay between FoxO1, butyrate and CD4+ T cell differentiation, we analysed if 

the FoxO1i influenced the expression of T-bet. Although FoxO1 inhibition did not 

influence T-bet expression in untreated controls, CD4+ T cells that had been exposed 

to a combination of butyrate and FoxO1i showed a partial reduction in Th1 polarisation 

in a FoxO1i dose-dependent manner (Figure 4.10B). Even at the highest FoxO1i 

concentration of 1 mM, Th1 polarisation of the butyrate-treated cells was still greater 

than the untreated controls. This suggested that butyrate-induced Th1 polarisation 

was in part dependent on FoxO1 regulation. 

 

We sought to gain insights into the butyrate-mediated regulation of the Th1 

effector markers through FoxO1. Similar to T-bet, Ly6C expression was not altered by 

FoxO1i in CD4+ T cells that were cultured in the absence of butyrate (Figure 4.10C). 

However, butyrate-induced upregulation of Ly6C was completely abrogated by 

treatment with 1 mM FoxO1i (Figure 4.10C). As we previously showed that Ly6C 

correlated with IFN-γ and granzyme B expression, we proceeded to investigate the 

relationship between butyrate, FoxO1 and effector molecule expression. FoxO1 

inhibition partially reduced IFN-γ expression from 41  9.4% (0 mM FoxO1i) to 21  

1.8% (1 mM FoxO1i) in cells that were cultured with butyrate (Figure 4.10D). Less than 

4% of cells lacking butyrate treatment produced IFN-γ regardless of FoxO1 inhibition. 

The lower IFN-γ expression in this experiment was due to the weaker batch of PMA 

used in comparison to other experiments in this chapter. Regardless, there remained 

a prominent difference between the control and butyrate groups. The inhibition of 
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FoxO1 reduced granzyme B expression by control CD4+ T cells from 45  1.9% to 1.6 

 0.31% (Figure 4.10D). Interestingly, granzyme B expression of butyrate-treated cells 

peaked at 0.25 mM FoxO1i but remained relatively unchanged at the highest FoxO1i 

dose (Figure 4.10D). This indicated that butyrate does not positively regulate 

granzyme B through FoxO1 in CD4+ T cells. TNF-α expression was not influenced by 

FoxO1 inhibition in both control and butyrate groups (Figure 4.10D). This signified a 

major role for FoxO1 as a positive regulator in the butyrate-driven induction of the Th1 

effector markers Ly6C and IFN-γ. FoxO1 was hence important in the modulation of 

CD4+ T cell differentiation and function by butyrate. 
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Figure 4.10 FoxO1 is a regulator of butyrate-induced Th1-like polarisation in 

CD4+ T cells. 

In vitro-activated gDT-II cells were either untreated (control) or treated with 0.5 mM 

butyrate on days 3 to 5. FoxO1 activity was inhibited through daily pre-incubation with 

0 mM. 0.1 mM, 0.25 mM, 0.5 mM or 1 mM FoxO1 inhibitor (FoxO1i) AS1842856 before 

butyrate treatment. Cells were analysed on day 6. (A – C) The mean fluorescence 

intensities (MFIs) of FoxO1 (A), T-bet (B) and Ly6C (C) were normalised to untreated 

controls that were not exposed to FoxO1i. Representative histograms of FoxO1, T-bet 
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and Ly6C MFIs of gDT-II cells are depicted. (D) Cells were re-stimulated with PMA 

and ionomycin for 5 hours. The intracellular expression of IFN-γ, TNF-α and granzyme 

B (GzmB) are shown. Representative histograms gated on total gDT-II cells show an 

overlay of untreated cells incubated with 0 nM (black) and 1 mM (grey) FoxO1i in the 

left column, and butyrate-treated cells incubated with 0 nM (black) and 1 mM (red) 

FoxO1i in the right column. Data are presented as mean + SEM from n = 2 

independent experiments. Asterisks indicate statistically significant differences as 

analysed by two-way ANOVA tests (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). 
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4.2.7 Butyrate enhances CD4+ T cell cytotoxicity against tumour cells through 

Fas ligand and histone acetylation  

Given that butyrate promoted a cytotoxic phenotype, we evaluated whether this 

translated into an improved killing capacity. An underappreciated but crucial feature of 

in vitro activated CD4+ T cells is their ability to exhibit direct cytotoxicity against targets  

(Emma Bawden, unpublished results). We performed in vitro real-time killing assays 

using B16.gD melanoma cells as target cells. IFN-γ pre-treatment of B16.gD cells 

induced upregulation of MHC-II expression, whereas untreated target cells lacking 

MHC-II expression were used as a negative control (Figure 4.11A). This allowed us to 

measure MHC-specific killing. B16.gD cells were co-cultured with control or butyrate-

treated gDT-II cells for 16 hours. B16.gD cell death was tracked using PI which 

permeates dead cells. CD4+ T cells were not able to kill target cells if the latter were 

not pre-treated with IFN-γ, indicating that MHC-II upregulation and hence antigen 

recognition was required (Figure 4.11A). As expected, untreated CD4+ T cells did, 

Butyrate drastically increased CD4+ T cell-mediated killing of melanoma cells through 

faster killing and augmenting the total maximum killing (Figure 4.11B). These results 

were in line with the augmented cytokine and cytotoxic mediator expression after 

butyrate treatment. This showed for the first time that butyrate enhances the capacity 

of CD4+ T cells to directly kill target cells.   

 

We next investigated which effector molecules were required for improved 

killing mediated by butyrate. In this chapter, we consistently showed that IFN-γ, 

granzyme B, perforin and FasL were upregulated by butyrate. IFN-γ facilitates the 

expression of pro-apoptotic genes and sensitises tumour cells to FasL-induced killing 

[355, 356], while granzyme B, perforin and FasL mediate programmed cell death 

through caspase cascades [357, 358]. We firstly analysed the role of perforin by 

comparing the killing abilities of perforin-deficient and WT gDT-II cells. Without 

butyrate pre-treatment, perforin-deficient and WT cells showed virtually identical killing 

kinetics and degrees of cytotoxicity (Figure 4.11C). The same trend was observed 

between butyrate-treated groups regardless of perforin production, indicating that 

butyrate did not promote the cytotoxic function of CD4+ T cells through perforin. To 

evaluate whether butyrate promoted cytotoxicity via IFN-γ, we co-cultured gDT-II cells 

and B16.gD cells in media containing anti-IFN-γ antibodies. IFN-γ blockade did not 

have an effect on neither the untreated groups nor butyrate-treated groups (Figure 
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4.11D), suggesting that IFN-γ had a negligible role in CD4+ T cell-mediated cytotoxicity 

in vitro. In contrast to the other molecules tested, neutralising FasL activity using a 

FasL blocking antibody decreased the killing ability of untreated gDT-II cells by 

approximately 75% (Figure 4.11E). While the killing capacity of butyrate-treated cells 

was appreciably greater than untreated controls, FasL blockade completely abrogated 

the cytotoxicity induced by butyrate (Figure 4.11E). Hence, FasL, not perforin or IFN-γ, 

was the main mediator of CD4+ T cell and butyrate-induced cytotoxicity in vitro.  

 

To study whether histone acetylation influenced the CD4+ T cell killing capacity, 

we compared the effects of butyrate to TSA. Interestingly, butyrate and TSA induced 

a comparable level of killing with similar kinetics (Figure 4.11F). This indicated that 

histone acetylation was an important mechanism for inducing CD4+ T cell cytotoxicity. 

As butyrate and TSA mediated histone acetylation (Figure 4.7), it is tempting to 

speculate that histone acetylation induced by butyrate may mediate more effective 

killing.  

 

Finally, given that cytotoxic CD4+ T cells can arise from the Th1 lineage [46], 

we hypothesised that butyrate-treated gDT-II cells may be more potent killers than 

classical Th1 cells. Indeed, classical Th1 cells displayed a comparable level of killing 

to control gDT-II cells, with butyrate inducing greater B16.gD cell death (Figure 4.11G). 

Butyrate-treated cells were thus more effective than Th1 cells in direct targeting 

tumour cells. In this series of killing assays, we showed that butyrate-induced killing 

was mainly FasL-dependent, with a probable role for histone acetylation in mediating 

these functional outcomes. These results are striking as it shows that the microbiota-

derived metabolite, butyrate, induces CD4+ T cells to possess an even greater 

cytotoxic capacity than classical Th1 cells.   
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Figure 4.11 Butyrate improves FasL-mediated antigen-specific killing of 

melanoma cells by CD4+ T cells.  

B16 melanoma cells transduced to express HSV-1 glycoprotein D (B16.gD) were 

seeded in the absence or presence of IFN-γ, where IFN-γ induced MHC-II 

upregulation. After 3 days, in vitro-activated control or butyrate-treated gDT-II cells 

were co-cultured with the plated B16.gD cells which had been washed to remove 

IFN-γ. Propidium iodide (PI) uptake was recorded for 16 hours using the CLARIOstar 

Plus. Killing of B16.gD cells was calculated by subtracting cell death in samples 

cultured in the absence of IFN-γ from samples with IFN-γ pre-treatment. (A) The 

experimental schematic is depicted. (B) Killing of IFN-γ-treated and non-IFN-γ treated 

B16.gD tumour cells by gDT-II cells was normalised to group that lacked butyrate 

treatment. (C – E) Effector molecules mediating cytotoxicity was investigated by 

comparing control and butyrate-treated gDT-II cells from perforin-deficient (Prf1–/–) 

and wildtype (WT) mice (C). Control and butyrate-treated gDT-II cells were incubated 

with IFN-γ blocking antibody (α-IFN-γ) (D), FasL blocking antibody (α-FasL) (E) or in 

the absence of blocking antibodies. (F) Tumour cell killing was compared between 

untreated gDT-II cells, butyrate-pre-treated cells, and gDT-II cells treated with 

Trichostatin A (TSA). (G) The killing capacity of untreated and butyrate-pre-treated 

cells was compared to classical Th1 cells. Data in (B – G) are presented as mean ± 

SEM of n = 5 – 12 from at least 2 pooled independent experiments.  
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4.3 Discussion 

Research focusing on the importance of the gut microbiome in anti-viral and 

anti-cancer responses has gained traction over the past decade. A number of reports 

have pinpointed the enrichment of butyrate-producing gut microbiota as a factor that 

differentiates healthy individuals from patients [359-362]. Butyrate can directly 

regulate immune responses in various immune cell types [31, 164, 210], but has 

mainly been investigated in the context of Tregs in autoimmunity [183, 313, 363]. Th1 

cells are an important prognostic marker in cancer and infection [241, 364]. 

Nevertheless, knowledge linking butyrate to Th1-type responses is limited. In this 

study, we therefore investigated the ability of the microbiota-derived metabolite 

butyrate to promote pro-inflammatory CD4+ T cell differentiation and function. We 

report that butyrate promoted CD4+ T cell differentiation into a unique subset of Th1-

like cells that expressed elevated levels of the memory marker FoxO1 and a greater 

killing capacity against tumour cells. Majority of the phenotypic, metabolic and 

functional effects that butyrate induced strongly resembled that of TSA-mediated 

histone acetylation.  

 

We treated CD4+ T cells with butyrate from day 3 of activation when majority of 

APCs and non-TCR transgenic T cells that were initially present in the co-culture had 

undergone cell death. This enabled us to study the direct effects of butyrate on CD4+ 

T cells. Our first key finding highlighted that in vitro butyrate treatment was able to 

induce the differentiation of CD4+ T cells into non-classical cytotoxic Th1-like cells, 

with butyrate-mediated T-bet upregulation sustained upon in vivo viral infection. One 

of the most striking features of this butyrate-mediated phenotype was the increase in 

many Th1-associated effector molecules, with IFN-γ upregulation being the most 

profound. The panel of upregulated effector molecules included the cytotoxic 

mediators granzyme B, perforin and FasL. In general, heterogeneity within the Th1 

subset is common, with only a proportion of the cells being capable of cytotoxic 

function [46]. Butyrate appeared to increase the frequency of this cytotoxic subset, 

which could be beneficial in settings that require the clearance of infected or metastatic 

cells [365]. While butyrate-treated CD4+ T cells resembled classical Th1 cells in T-bet 

and cytokine expression, distinct differences also existed between the groups. A key 

distinguishing feature was the enhanced FoxO1 expression which was unique to the 
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butyrate group. FoxO1 is a master regulator of memory T cells, and is known to 

repress T-bet expression [52]. The upregulation of both FoxO1 and T-bet may suggest 

that butyrate disrupted the ability of FoxO1 to inhibit T-bet expression. Eomes, a 

downstream molecule of FoxO1, has been suggested to direct target T-bet [57]. The 

similar Eomes expression upon butyrate treatment presented further evidence that the 

transcriptional regulation of T-bet was likely altered by butyrate. Together, these data 

highlighted that butyrate-treated CD4+ T cells and classical Th1 cells were distinct.  

 

We further elucidated the role of FoxO1 in butyrate-mediated effects. As a key 

transcriptional regulator of stemness, FoxO1 counteracts senescence in T cells by 

integrating mitogenic and metabolic signals, thus maintaining the cell’s fitness [35, 52, 

366]. Butyrate-treated CD4+ T cells possessed high FoxO1 expression and elevated 

spare respiratory capacity, which are both features of memory T cells [61, 367]. This 

raises the possibility that butyrate may direct CD4+ T cells to differentiate into 

functionally competent memory cells, but further work focusing on memory timepoint 

analyses must be carried out to provide stronger evidence for this. Another noteworthy 

finding in our experiment was that FoxO1 was partially responsible for the butyrate-

mediated increase in T-bet, Ly6C and IFN-γ expression. The ability of butyrate to 

increase the expression of such Th1-associated markers through FoxO1 highlights 

FoxO1 as an important transcriptional modulator that butyrate acts through.  

 

We furthermore investigated the mechanisms of butyrate. In our study, despite 

the fact that CD4+ T cells expressed detectable levels of GPR41 and GPR43 upon 

butyrate exposure, butyrate did not induce changes in differentiation or function 

through these receptors in vitro. This corresponds to a report that showed the induction 

of IFN-γ in in vitro generated Tregs was not dependent on GPR41/GPR434, but on 

HDAC inhibition [152]. Importantly, our results highlighted that butyrate induced high 

levels of histone H3 acetylation, which is known to occur in actively transcribed genes 

[368]. We additionally showed that acetylation of histone H3K9 and H3K27 positively 

correlated with increased effector molecule expression. A further causative 

relationship is likely to exist as H3K9ac and H3K27ac promotes Ifng, Tnf, and Gzmb 

expression in T cells [80, 81, 341, 343]. SCFAs can induce histone acetylation through 

HDAC and HAT regulation [166, 339]. HDAC inhibition by butyrate has been clearly 

demonstrated in a range of cell types [339, 369, 370]. As HDAC1 and HDAC2 inhibit 
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CD4+ T cell expression of IFN-γ and granzyme B [222], HDAC inhibition may be a way 

by which butyrate upregulated these molecules in our study. Indeed, butyrate has 

been suggested to increase IFN-γ expression by macrophages and CD4+ T cells at 

least in part through its HDAC inhibitor properties [152, 371]. The second mechanism 

of histone acetylation may be through butyrate metabolism which generates acetyl-

CoA, a substrate for HATs [342]. Butyrate can enhance the activity of the HAT p300 

[166], which is an activator of Ifng and Fasl in Jurkat T cells and cancer stem-like cells 

respectively [372, 373]. Butyrate-mediated histone acetylation may alter gene 

transcription through butyrate response elements (BREs). These are binding sites of 

the transcription factor Sp1 on promoters of certain butyrate-regulated genes, and are 

known to recruit regulatory complexes containing HDAC1, HDAC2 and the HAT 

p300/CBP [339]. BREs have not been characterised in CD4+ T cells, though this may 

be how butyrate can upregulate molecules such as IFN-γ through HDACs and HATs. 

 

Butyrate has been shown to influence glycolysis and mitochondrial respiration 

in Tregs and CD8+ T cells through direct and indirect modes of action [31, 160, 210]. 

In our study, butyrate reduced glycolysis and showed minimal effects on the 

mitochondrial respiration of CD4+ T cells. Intriguingly, butyrate induced a greater 

glycolytic reserve and mitochondrial spare respiratory capacity in CD4+ T cells. These 

characteristics are known to reflect the potential of a cell to cope with increases in 

energetic demands, such as under physiologically stressed conditions and re-

activation [374, 375]. High levels of these parameters indicate greater plasticity in 

metabolic capacity, which confers better resistance to senescence and apoptosis 

[376, 377]. Indeed, the ability to withstand metabolic stress is a feature of memory T 

cells [53, 61]. Together with FoxO1 upregulation, the increased glycolytic reserve and 

mitochondrial spare respiratory capacity are memory-associated characteristics that 

butyrate induced. Moreover, butyrate-treated CD4+ T cells relied less on glycolysis 

than classical Th1 cells that are particularly dependent on this metabolic process for 

effector molecule production [378, 379]. This distinguished butyrate-treated CD4+ T 

cells from their more metabolically active Th1 counterparts. Our group has 

demonstrated that butyrate upregulates CD8+ T cell glycolysis and mitochondrial 

respiration, and was even used as a substrate in the TCA cycle [31]. This discrepancy 

between CD4+ and CD8+ T cells despite similar treatments with butyrate calls into 

question whether the role of butyrate as a metabolic substrate differed between CD4+ 
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and CD8+ T cells. Perhaps most strikingly, the metabolic effects of butyrate resembled 

that of TSA-induced histone acetylation. Histone acetylation may therefore not only 

promote effector molecule expression as mentioned above, but could also contribute 

to metabolic regulation. As acetylation can determine metabolic protein expression 

and activity [380, 381], butyrate-mediated post-translational modifications of metabolic 

proteins may be a key mechanism in inducing metabolic effects. As butyrate appeared 

to act primarily through histone acetylation in CD4+ T cells, it may have been 

preferentially directed into the nucleus rather than the mitochondria. This would have 

enabled butyrate to act as an epigenetic regulator while decreasing its availability as 

a metabolic fuel source. 

 

In the last few years, single cell RNA sequencing (RNAseq) of peripheral blood 

and tumour biopsies from cancer patients has revealed the importance of cytotoxic 

CD4+ T cells in the elimination of various solid cancers including melanoma [382-384]. 

We proceeded to prove that butyrate-mediated upregulation of cytotoxic mediators 

translated into an enhanced the ability of CD4+ T cells to directly kill melanoma cells. 

The cytotoxic functionality of butyrate-treated CD4+ T cells in vitro was predominantly 

reliant on FasL. This was particularly interesting as other groups have demonstrated 

FasL functional activity by CD4+ T cells against CD8+ target cells in vitro [385] and 

showed that the main mediator of killing by LCMV-specific CD4+ T cells in vivo was 

FasL rather than the perforin pathway [386, 387]. We noted that histone acetylation 

appeared to be crucial for CD4+ T cell cytotoxicity. This may occur through the 

regulation FasL by H3K9ac, which has been shown to occur in human CD4+ T cells 

[388]. Notably, the killing capacities of untreated controls and classical Th1 cells, both 

of which possessed less histone acetylation, were lower than butyrate-treated cells. 

This demonstrated a link between histone acetylation and robust cytotoxicity, which 

the ability of butyrate-treated CD4+ T cells to kill tumour cells may depend on. From a 

metabolic perspective, energetic demands are increased in T cells during re-

stimulation [389], for example upon encountering tumour cells expressing the T cell 

cognate antigen. T cells which are capable of rapidly adapting their metabolic 

programs therefore produce a more robust response [375, 389]. The ability of butyrate 

to enhance the killing potential of CD4+ T cells similar to TSA but greater than Th1 

cells was therefore in line with our metabolic data. We thus propose the novel concept 

that butyrate is able to induce greater cytotoxic ability of CD4+ T cells which is 
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dependent on histone acetylation. Butyrate availability can vary widely between 

individuals [390], and may hence be one of the factors contributing towards the 

effective clearance of infected or cancerous cells. 

 

In conclusion, our study reports that butyrate mediates non-classical cytotoxic 

Th1 polarisation and function. We discovered that epigenetic alterations likely played 

a significant role in transcriptional, metabolic and functional changes. Enhanced 

responses upon butyrate exposure were strongly associated with its induction of 

histone acetylation. The ability of butyrate to alter the expression of various molecules 

and CD4+ T cell killing potential may further stem from its alteration of transcriptional 

complexes containing regulators such as HATs, HDACs, FoxO1 and T-bet. From our 

results, it was evident that the role of butyrate on CD4+ T cell immunity that is described 

in the existing literature may be over-simplified. Butyrate likely possesses a 

multifaceted role which is highly context-dependent. While butyrate indeed has 

immunoregulatory potential that is beneficial in autoimmune conditions such as 

ulcerative colitis and type 1 diabetes [221, 363], it can also elicit pro-inflammatory 

responses that are desirable in immunity against cancer. Our findings thus challenge 

the dogma which largely paints butyrate to induce anti-inflammatory CD4+ T cell 

responses. The results of our study highlight that metabolite-targeting of the CD4+ T 

cell arm can improve their cytotoxic capacity which to date, has not yet been 

thoroughly explored in the context of immunotherapy. Butyrate supplementation to the 

diet or probiotic supplementation with butyrate-producing bacteria may be feasible 

methods of increasing T cell exposure to this SCFA. We believe that a deeper 

understanding of butyrate’s ability to skew CD4+ T cell differentiation towards non-

classical cytotoxic Th1 cells could provide novel targets for immunotherapies such as 

CAR T cell therapy. 
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Chapter 5 Exploring the therapeutic application of 

butyrate in CAR T cell therapy 

 

5.1 Introduction 

CAR T cell therapy is a form of cancer treatment where T cells are engineered 

to express receptors that recognise specific tumour antigens. To date, 6 CAR T cell 

therapies have been approved by the FDA for patients with aggressive haematological 

malignancies [391]. Its success against blood cancers has led to clinical trials that 

seek to optimise CAR T cells against solid tumours [392-394]. Such tumours often 

evade the endogenous immune response, which in many cases involves the 

downregulation of MHC expression by the tumour [395, 396]. The promise of CAR T 

cells lies in the fact MHC downregulation will not influence their effectiveness as long 

as the relevant tumour antigen remains expressed [397]. This non-classical immune 

synapse established between the CAR and the tumour results in the release of 

cytotoxic mediators granzyme and perforin, and exposes the tumour cell to FasL, as 

well as proinflammatory cytokines IFN-γ and TNF-α that can induce tumour cell death 

through direct and indirect mechanisms, such as myeloid cell activation [398-401].  

 

The majority of studies manufacture CAR T cell products from unselected T 

cells consisting of a mix of CD4+ and CD8+ CAR T cells in patient-dependent ratios 

[402]. The initial anti-tumour response has been reported to be dominated by CD8+ 

CAR T cells, while long-term remission relied on CD4+ CAR T cells [403]. A key 

determinant for the effectiveness of therapy is the differentiation status of CAR T cells. 

Animal and clinical studies have demonstrated that Th1 cells are positively associated 

with responsiveness to cancer immunotherapy and overall anti-tumour responses 

[404-406]. In a lymphoma model, Th1-polarised CD4+ CAR T cells showed 

proinflammatory cytokine secretion and cytotoxicity, improving survival rates of 

tumour-bearing mice [407]. Single cell RNAseq of tumour and peripheral blood 

samples from cancer patients has additionally revealed the importance of cytotoxic 

CD4+ T cells in the elimination of various solid cancers including melanoma [382-384]. 

Expanded CD4+ and CD8+ T cell memory subsets have also been shown to be good 

prognostic markers for long-term clinical responsiveness, owing to the persistence and 
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preserved function of the CAR T cells over extended periods of time [408, 409]. 

Indeed, human CD8+ CAR T cells with a central memory phenotype conferred better 

survival than naïve and effector memory subsets in Raji-bearing mice [410]. In a 

longitudinal study where leukemia patients received a mix of CD4+ and CD8+ CAR T 

cells, 97% of remaining CAR T cells after more than 7 years post-infusion were 

cytotoxic CD4+ CAR T cells [403]. This indicates the importance of reinforcing CD4+ 

CAR T cell functionality and developing CD8+ CAR T cell products with superior 

memory T cell characteristics, such as prolonged survival, to better contribute to long-

term tumour control.  

 

While CAR T cell therapy has the potential to augment both immediate and 

long-term anti-tumour responses, its success in solid tumours is hampered by a 

multitude of factors including an immunosuppressive tumour microenvironment 

(TME). In particular, a glucose-poor and adenosine-rich TME causes metabolic 

instability and apoptosis of glycolytically-reliant CAR T cells that are unable to produce 

sufficient ATP [411, 412]. Further metabolic barriers induced by the TME include 

mitochondrial dysfunction of T cells [413, 414], in part through the inhibition of Foxo 

transcription factor activity [415]. This correlates with inhibitory molecule expression 

and T cell exhaustion, thereby weakening T cell persistence and effector capacity 

[415, 416].  

 

The ability of a cell to proliferate, self-renew and retain functionality is known 

as stemness. In a chronic disease setting such as cancer, continuous stimulation of T 

cells leads them to be susceptible to dysfunction. CAR T cells with stem-like qualities 

are therefore beneficial as they possess greater plasticity and therefore have a higher 

potential to survive and contribute to the functional response. As such, a strong focus 

has been placed on methods to enhance stemness and functionality of CAR T cell 

products. Firstly, manufacturing methods can be altered to optimise CAR T cell 

stemness. Suggested strategies include promoting mitochondrial metabolism through 

careful selection of CAR domains and cell culture conditions such as supplementation 

with the memory-promoting cytokines IL-7 and IL-15 [415, 417-419]. Another avenue 

that is being explored is the selection of CAR T cell subsets for infusion. This may be 

in the form of preferential infusion of memory CAR T cells rather than effector cells 

[420], or infusion of both CD4+ and CD8+ CAR T cells in precise ratios [392, 410]. 
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Synergy between CD4+ and CD8+ CAR T cells was shown to improve anti-tumour 

responses, with the CD4+ subset supporting the proliferation of their CD8+ 

counterparts [410]. In patients with B cell acute lymphoblastic leukemia, a defined 

composition of 1:1 CD4+/CD8+ CAR T cells correlated with improved disease-free 

survival through expansion and the persistence of CAR T cells [392]. Additionally, to 

overcome T cell exhaustion, combination therapy with ICB can be used to rescue the 

function of CAR T cells and endogenous T cells [421]. For example, increased 

proliferative and effector capacity of CAR T cells were demonstrated in a breast cancer 

model using anti-HER2 CAR T cells and anti-PD-1 [422], possibly through ICB-

mediated reversal of metabolic dysfunction [423, 424]. This led to tumour growth 

inhibition and better survival of mice [422].  

 

While the maintenance of stemness has proven crucial for long-term 

effectiveness of therapy, amplified cytotoxicity is another desired feature that is 

routinely assayed as a part of the manufacturing process and is necessary for anti-

tumour effects [425]. It was recently shown that memory CD8+ CAR T cells with 

elevated cytotoxicity enhanced treatment efficacy against mouse melanoma [111]. 

This indicates the need to harness both stemness and functionality to create superior 

CAR T cell products. In Chapters 3 and 4, as well as Bachem et al. [31], we showed 

that SCFAs such as butyrate increased the expression of stemness markers and 

altered cellular metabolism. Butyrate promoted CD8+ T cell differentiation into MPECs 

in acute viral infection and promoted FoxO1 expression in CD4+ T cells. We also found 

that butyrate regulated CD4+ and CD8+ T cell effector responses. Importantly, butyrate 

encouraged the differentiation of CD4+ T cells into cytotoxic Th1-like cells with an 

increased ability to directly kill tumour cells. Together, these findings have led us to 

hypothesise that butyrate may improve CAR T cell responses by inducing effector and 

memory phenotypes simultaneously. We aimed to use in vitro and in vivo models to 

assess whether butyrate could be employed to promote CAR T cell efficacy. 
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5.2 Results 

5.2.1 Butyrate promotes the memory program, metabolism and effector 

function of murine CAR T cells in vitro 

To assess whether butyrate could improve stemness and functional 

phenotypes of CAR T cells, we activated murine T cells with anti-CD3ε and anti-CD28, 

and retrovirally transduced them to express anti-HER2 CAR constructs that 

recognised E0771-HER2 breast cancer cells leading to about 60% transduction rate 

(Figure 5.1A). These second generation CAR T cells were treated with either butyrate 

or PBS for 2 days after transduction. On day 5 post-activation, successfully transduced 

CD4+ and CD8+ CAR T cells that expressed mCherry-tagged CARs were analysed 

(Figure 5.1B). The control and butyrate groups both consisted of CD8+ and CD4+ T 

cells in an approximate 3:1 ratio (Figure 5.1C). We firstly assessed the effects of 

butyrate on the activation status of CAR T cells. We detected increased CD44 and 

decreased CD62L expression in both the CD4+ and CD8+ sub-populations upon 

butyrate treatment (Figure 5.1D and E), signifying stronger activation of CAR T cells. 

Butyrate induced statistically significant increases in FoxO1 expression in both CD4+ 

and CD8+ CAR T cells (Figure 5.1F). As mitochondrial function contributes to 

metabolic fitness and has been shown to support CAR T cell plasticity [426], we also 

measured the effect of butyrate on mitochondrial activity and mass, and found that 

butyrate indeed enhanced mitochondrial membrane potential (TMRM) and 

mitochondrial mass (Mitotracker) of CAR T cells (Figure 5.1G and H). The increases 

in FoxO1 expression and mitochondrial function are consistent with the notion that 

butyrate promoted stemness-associated factors and mitochondrial metabolism. 

 

As we demonstrated in previous chapters that butyrate enhanced effector-

associated marker expression, we proceeded to study whether this effect was also 

present in CAR T cells. In line with our earlier observations, butyrate enhanced T-bet 

expression (Figure 5.2A), suggesting that the butyrate-treated group comprised of 

more Th1-like CD4+ CAR T cells and CD8+ CAR T cells with a stronger effector 

program. We next confirmed whether the butyrate-induced changes in transcription 

factor expression correlated with effector molecule expression. Relative to untreated 

CD4+ CAR T cells, butyrate-treated CAR T cells expressed significantly greater levels 

of IFN-γ (Ctrl, 14  5.3%; But, 56  8.9%) and granzyme B (Ctrl, 27  4.4%; But, 55  
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0.91%) (Figure 5.2B). Small but consistent increases in TNF-α (Ctrl, 73  2.9 %; But, 

87  3.4%) and perforin (Ctrl, 1  0.56%; But, 7  0.53%) expressions were also 

observed in butyrate-treated CD4+ CAR T cells (Figure 5.2B). Likewise, butyrate 

promoted the production of most effector molecules in CD8+ CAR T cells, with the 

most notable increases observed in TNF-α (Ctrl, 57  7.2%; But, 83  2.1%) and 

perforin (Ctrl, 58  1.0%; But, 94  1.8%) (Figure 5.2C). Small upregulations in 

granzyme B (Ctrl, 85  2.5%; But, 96  0.0059%) were recorded but alterations in 

IFN-γ expression were inconsistent (Figure 5.2C). Taken together, this demonstrated 

that butyrate increased pro-inflammatory cytokine and cytotoxic mediator production 

by both CD4+ and CD8+ CAR T cell subsets. 

 

To understand whether the butyrate-mediated increases in effector molecule 

expression altered the ability of CAR T cells to exert cytotoxicity, we performed killing 

assays. We co-cultured a mixture of CD4+ and CD8+ CAR T cells with E0771-HER2 

breast cancer cells to closely mimic clinical protocols where the CD4+ and CD8+ CAR 

T cells are co-transfused into patients. We compared tumour cell lysis at various E:T 

ratios using chromium-51 release assays. The degree of tumour cell lysis by untreated 

CAR T cells increased from approximately 1.6% to 28% at E:T ratios of 0.156 and 40 

respectively (Figure 5.2E). Butyrate enhanced the killing capacity of CAR T cells at all 

E:T ratios, from approximately 8.1% to 32% (Figure 5.2E). Importantly, 8 butyrate-

treated CAR T cells were as effective as 2 control CAR T cells at a lysis level of 20.5% 

(Figure 5.2E). Our findings hence demonstrated that butyrate improved cytotoxicity of 

CAR T cells against tumour cells in vitro. 
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Figure 5.1 Butyrate promotes a memory program and mitochondrial membrane 

potential in murine CAR T cells.  

T cells from C57BL/6 splenocytes were activated with anti-CD3 and anti-CD28, and 

transduced to express 2-tail (CD3ζ/CD28) chimeric antigen receptor (CAR) constructs 

specific to human HER2. Anti-HER2 CAR T cells were treated with PBS (Control; Ctrl) 

or 0.5 mM butyrate (But) in vitro on days 3 and 4. Analysis was performed on day 5 

post-activation. (A) The experimental schematic is depicted. (B) Successfully 

transduced CD4+ and CD8+ CAR T cells were identified using mCherry and TCR-β, 

as shown in the representative gating strategy. (C) Proportions of CD4+ and CD8+ 

CAR T cells on day 5 post-activation, as a frequency of live cells. (D, E) The mean 

fluorescence intensities (MFIs) of the activation markers CD44 (D) and CD62L (E) of 

CD4+ and CD8+ CAR T cells. MFIs were normalised to the average PBS group MFI. 

(F) The FoxO1 MFIs of control and butyrate-treated CD4+ and CD8+ CAR T cells 

expression are shown. MFIs were normalised to the average PBS group MFI. 

Representative histograms depict the MFIs of FoxO1 in fluorescence minus one 

(FMO) controls, untreated and butyrate-treated CAR T cells. (G, H) CD4+ and CD8+ 

CAR T cell mitochondrial membrane potential (G) and mitochondrial size (H) were 

compared using the metabolic probes tetramethylrhodamine methyl ester (TMRM) 

and Mitotracker respectively. Their mean fluorescence intensities (MFI) were 

normalised to the average PBS group MFI. Representative histograms depict the MFIs 

of TMRM or Mitotracker fluorescence in fluorescence minus one (FMO) controls, 

untreated and butyrate-treated CAR T cells. Data are presented as mean + SEM or 

normalised MFIs with n = 2 – 3 independent experiments. Asterisks indicate 

statistically significant differences as analysed by a two-way ANOVA test or paired 

Student’s t-tests (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 5.2 The effector molecule expression and in vitro killing capacity of 

murine CAR T cells are enhanced by butyrate.  

Anti-HER2 murine CAR T cells were treated with PBS or 0.5 mM butyrate (But) in vitro 

3 and 4 days after activation. CAR T cells were analysed on day 5 post-activation. (A) 

The T-bet mean fluorescence intensities (MFI) of control and butyrate-treated CD4+ 

CAR T cells were compared. MFIs were normalised to the average PBS group MFI. 

Representative histograms depict the MFIs of T-bet expression in fluorescence minus 

one (FMO) controls, untreated and butyrate-treated CAR T cells. (B, C) Re-stimulation 

of CAR T cells with PMA and ionomycin for 5 hours was performed, followed 

intracellular cytokine staining. The expression of IFN-γ, TNF-α, granzyme B and 

perforin by CD4+ (B) and CD8+ (C) CAR T cells was measured. Representative 

contour plots show effector molecule expression against CD44 in CD8+ CAR T cells. 

(D) Chromium-51 release assays were performed by co-culturing a mix of CD4+ and 
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CD8+ CAR T cells with E0771-HER2 cells at effector to target cell (E:T) ratios of 

0.156:1 to 40:1 for 4 hours. Data are presented as the normalised MFI (A), mean + 

SEM (B, C) or mean ± SEM (D) of at least n = 2 independent experiments. Asterisks 

indicate statistically significant differences as analysed by paired Student’s t-tests 

(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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5.2.2 Butyrate-treated CAR T cells confer better control of breast cancer growth 

in vivo  

CAR T cells are known to show limited success against solid tumours, which is 

thought to be related to metabolically hostile TMEs. However, improved CAR T cell 

stemness and a greater reliance on mitochondrial respiration can enhance the 

effectiveness of therapy in these settings [427]. Our observations that butyrate 

promoted mitochondrial activity, enhanced the expression of the stemness marker 

FoxO1 and improved killing of tumour cells in vitro led us to hypothesise that butyrate 

may enhance CAR T cell efficacy against solid cancers. To test this in vivo, we used 

an aggressive orthotopic model of E0771-HER2 breast cancer, where tumour-bearing 

mice were treated with CAR T cells (Figure 5.3A). Selected groups were co-treated 

with the ICB agent anti-PD-1 or the isotype control 2A3, and tumour growth was 

monitored (Figure 5.3A). The average tumour area of mice surpassed 100 mm2 by 14 

days post-inoculation in the absence of treatment (Figure 5.3B). Compared to 

untreated mice, control CAR T cell monotherapy reduced the rate of tumour growth to 

a small extent and was minimally effective (Figure 5.3B). In contrast, butyrate-treated 

CAR T cell monotherapy significantly reduced tumour growth, with the average tumour 

area exceeding 100 mm2 only after 23 days post-inoculation (Figure 5.3B). While anti-

PD-1 therapy alone did not induce significant effects on tumour growth, combination 

therapy with ICB and control or butyrate-treated CAR T cells delayed the average 

tumour outgrowth by 1.5-fold relative to the untreated group (Figure 5.3B). Strikingly, 

butyrate-treated CAR T cell monotherapy as effective as CAR T cell/ICB combination 

therapy in reducing tumour growth (Figure 5.3B). Like combination therapy, butyrate-

treated CAR T cell monotherapy successfully enabled tumour control in a low 

proportion of mice; whereas tumour progression was noted in all mice that received 

control CAR T cell monotherapy (Figure 5.3B). These results suggested that butyrate 

was able to induce similar effects as ICB.  

 

We additionally assessed how butyrate treatment of CAR T cells affected the 

survival of tumour-bearing mice. Survival was defined by a tumour area of less than 

150 mm2. Although all treatments prolonged survival, control CAR T cell monotherapy 

was the only treatment where all mice succumbed to disease and did not improve 

survival rates (Figure 5.3C). Butyrate-treated CAR T cell monotherapy was more 

effective than their control CAR T cell counterparts with a survival rate of 8.4% and 
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0% respectively. However, butyrate-treated CAR T cell monotherapy showed a 

comparable efficacy to CAR T cell/ICB combination therapy (Control CAR T cell/ICB, 

25%; Butyrate CAR T cell/ICB, 8.4%) (Figure 5.3C). Together, these results 

demonstrated that treating CAR T cells with butyrate during manufacturing enhances 

their anti-tumour response even towards an aggressive form of solid cancer. Most 

importantly, butyrate reduced the need for treatment supplementation with ICB. 
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Figure 5.3 CAR T cells treated with butyrate confer superior control of E0771 

breast cancer in mice.  

Mammary fat pads (MFP) of female mice were inoculated with 2  105 E0771-HER2 

tumour cells. 1  107 anti-HER2 CAR T cells that had been treated with PBS or 0.5 mM 

butyrate were adoptively transferred into tumour bearing mice that had been pre-

conditioned by irradiation (4 Gy). Mice were treated with 5  104 units (U) IL-2 
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(intraperitoneally; i.p.) into the mice daily from days 0 to 5. Certain groups were treated 

with either anti-PD-1 (α-PD-1) or an isotype control (2A3) (200 μg) on days 0, 4, and 

8. Tumours were measured until the experimental endpoint (when the tumour area 

was greater than 150 mm2, or day 60). (A) The experimental schematic is shown. (B) 

Tumour areas calculated as (length  width) were measured in untreated, control CAR 

T cell + 2A3, control CAR T cell + α-PD-1, butyrate-treated CAR T cell + 2A3, butyrate-

treated CAR T cell + α-PD-1, α-PD-1 only groups. The average tumour area of each 

group is denoted by a black line in graphs of individual groups. The pooled average 

tumour growth of each group is compared in a single graph which depicts the mean 

tumour sizes in the aforementioned graphs. (C) Survival curves of mice from all 

groups. Data are presented the mean + SEM of n = 10 – 11 mice per group from 2 

independent experiments. Asterisks indicate statistically significant differences as 

analysed by log-rank (Mantel-Cox) tests (* p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001). 
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5.2.3 Human CAR T cells upregulate memory and effector molecules upon 

butyrate treatment 

We aimed to validate that the effects of butyrate on murine CAR T cells were 

translatable and could improve the quality of human CAR T cell products. The majority 

of human epithelial cancers express the LeY antigen [428, 429]. We therefore 

synthesised CAR T cells directed against this antigen. This was performed by 

activating PBMCs from a healthy human donor with anti-CD3 and transducing them to 

express anti-LeY CAR constructs. Human CAR T cells were supplemented with IL-2 

and treated with butyrate for 3 days following transduction, and were analysed on day 

7 post-activation. The proportion of CD4+ and CD8+ CAR T cells was 24% and 72% in 

untreated controls, and 28% and 63% in the butyrate-treated group respectively 

(Figure 5.4A). Butyrate may possess a minor effect on the proliferation or survival of 

CD4+ and CD8+ CAR T cells. We assessed the impact of butyrate on the activation 

status of human CAR T cells. Increased CD44 and PD-1 expression were observed 

after butyrate treatment (Figure 5.4B). In particular, PD-1 was strikingly upregulated 

beyond 3- and 4-fold in CD4+ and CD8+ CAR T cells respectively (Figure 5.4B). We 

additionally measured the expression of CD62L and CD45R. CD62L is typically 

downregulated during early activation and is linked to the acquisition of lytic function 

[430]. As expected, untreated CD4+ and CD8+ CAR T cells expressed low CD62L 

expression, reflecting activation (Figure 5.4C). CD45RA is progressively 

downregulated by CCR7+ naïve human T cells over a 2-week period post-activation 

but can also be expressed by CCR7- terminal effector memory T cells [62, 431, 432]. 

Majority of untreated CAR T cells expressed CD45RA at this timepoint, although 

CCR7 co-staining was not performed to distinguish naïve from terminal effector cells 

(Figure 5.4C). CD62L and CD45RA were both further downregulated by butyrate-

treated CAR T cells (Figure 5.4C). In line with our observations in murine CAR T cells, 

this suggested that butyrate promoted stronger activation of human CAR T cells.  

 

Various discrepancies exist between the murine and human immune system, 

but the roles of transcription factors such as Tbet and Foxo are largely conserved 

between both species [433-435]. As we recorded an increase in the memory- and 

effector-associated markers in murine CAR T cells after butyrate treatment (Figure 

5.1F), we investigated whether similar trends would occur in human CAR T cells. 
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Indeed, butyrate induced FoxO1 upregulation in human CD4+ and CD8+ CAR T cells 

(Figure 5.4D), signifying regulation of this memory-associated marker.  

 

In terms of effector-associated markers, T-bet was upregulated by butyrate 

(Figure 5.5A) to a degree comparable to murine CAR T cells (Figure 5.2A). To test if 

butyrate influenced effector molecule expression in human CAR T cells, we performed 

an intracellular cytokine stain after T cell re-stimulation. In CD4+ CAR T cells, IFN-γ, 

TNF-α, granzyme B and perforin production were increased by butyrate (Figure 5.5B). 

Interestingly, butyrate showed stronger effects in the upregulation of TNF-α (Ctrl, 36%; 

But, 59%) and perforin (Ctrl, 6%; But, 28%) in human CD4+ CAR T cells (Figure 5.5B) 

compared to their murine counterparts (Figure 5.2B). IFN-γ, TNF-α, and perforin 

production by human CD8+ CAR T cells were improved by butyrate treatment, 

reflecting similar trends as murine CD8+ CAR T cells (Figure 5.5C). In contrast, 

granzyme B expression was comparable between the control and butyrate-treated 

CD8+ CAR T cells (Figure 5.5C). Our findings suggest that butyrate has similar effects 

on the regulation of activation, memory- and effector-associated markers in human 

and murine CAR T cells. This is a first step in demonstrating the therapeutic potential 

of the microbiota-derived SCFA butyrate in CAR T cell therapy, and strongly justifies 

the need for further inquisition into whether butyrate can promote anti-LeY CAR T cell 

efficacy in pre-clinical models. 
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Figure 5.4 Butyrate upregulates activation and memory-type markers of human 

CAR T cells. 

PBMCs of a healthy human donor were activated with anti-CD3, and transduced to 
express chimeric antigen receptor (CAR) constructs specific to human Lewis Y antigen 
(LeY). Anti-LeY CAR T cells were treated with 0.5 mM butyrate (But) in vitro on days 
4 to 6. Untreated CAR T cell were used as controls (Ctrl). Analysis was performed on 
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day 7 post-activation. (A) The proportion of CD4+ and CD8+ CAR T cells within live 
cells is shown. (B) The mean fluorescence intensities (MFIs) of CD44 and PD-1 were 
compared within the CD4+ and CD8+ CAR T cell subsets. MFIs were normalised to 
the control group. MFIs were normalised to the untreated group. (C) The MFIs of 
CD62L and CD45RA in CD4+ and CD8+ CAR T cells are shown. MFIs were normalised 
to the untreated group. (D) The MFIs of the memory-associated marker FoxO1 of 
CD4+ and CD8+ CAR T cells. MFIs were normalised to the untreated group. 
Representative histograms depict the MFIs of the respective markers expressed by 
CD4+ or CD8+ CAR T cells in the fluorescence minus one (FMO) controls, untreated 
and butyrate-treated groups. Data are presented as the mean of n = 2 – 3 replicates 
from a single experiment. No statistical testing was performed due to the sample size.  
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Figure 5.5 Butyrate promotes an anti-tumour effector phenotype in human CAR 

T cells.  

PBMCs of a healthy human donor were activated with anti-CD3, and transduced to 

express chimeric antigen receptor (CAR) constructs specific to human Lewis Y antigen 

(LeY). Anti-LeY CAR T cells were treated with 0.5 mM butyrate (But) in vitro on days 

4 to 6. Untreated CAR T cell were used as controls (Ctrl). Analysis was performed on 

day 7 post-activation. (A) The mean fluorescence intensities (MFI) of T-bet was 

compared in control and butyrate-treated CD4+ and CD8+ CAR T cells. MFIs were 

normalised to the untreated group. Representative histograms depict the T-bet MFIs 

of CAR T cells in the fluorescence minus one (FMO) controls, untreated control and 

butyrate-treated groups. (B, C) Cells were re-stimulated with PMA and ionomycin. 

Intracellular expression of IFN-γ, TNF-α, granzyme B and perforin are expressed as a 

frequency of CD4+ (B) and CD8+ CAR T cells (C). Representative contour plots show 

CAR T cell effector molecule expression against CD44. Data are presented as the 

mean of n = 2 – 3 replicates from a single experiment. No statistical testing was 

performed due to the sample size.  
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5.3 Discussion 

While CAR T cell therapy has shown success in limiting clinical progression of 

haematological malignancies [391], its use against solid tumours requires further 

optimisation [436, 437]. This is believed to be at least partially due to an 

immunosuppressive TME that is deficient for metabolites, inducing terminal 

differentiation and T cell dysfunction. In this chapter, we sought to evaluate whether 

butyrate could improve CAR T cell efficacy. We detected a role for butyrate in 

mediating both memory- and effector-associated molecule upregulation, mitochondrial 

alterations, and increases in cytotoxic capacity of CAR T cells. Most importantly, 

butyrate-treated CAR T cell monotherapy improved in vivo tumour control to a greater 

extent than CAR T cell/ICB combination therapy. 

 

A major factor that determines CAR T cell functionality in vivo is their metabolic 

profile, where metabolic fitness is impaired in dysfunctional cells but intact in cells that 

are able to proliferate and maintain effector molecule expression [438]. Our data 

indicated that butyrate promoted the mitochondrial activity and mass of both CD4+ and 

CD8+ CAR T cells. These readouts may reflect butyrate metabolism, similar to our 

group’s previous findings that CD8+ T cells utilised butyrate as a metabolic substrate 

[31]. T cells with an enhanced mitochondrial membrane potential have been shown to 

possess greater stemness and produced robust responses in ACT therapy [439]. A 

larger mitochondrial mass reflects a greater ability to perform electron transport chain 

activity and hence confer a higher spare respiratory capacity [61]. It would be 

interesting to measure glycolytic reserve and mitochondrial spare respiratory capacity 

to further predict the butyrate-induced changes in response to metabolic stress, similar 

to Section 4.2.5.3. In line with our metabolic results in Chapter 4, we speculate that 

the ability of butyrate to induce histone acetylation may at least in part be responsible 

for the observed metabolic effects in CAR T cells. Another prominent finding was the 

correlation between mitochondrial membrane potential and stemness markers. 

Butyrate treatment of CD4+ and CD8+ CAR T cells resulted in elevated FoxO1 

expression, in line with our findings in previous chapters. Not only does FoxO1 limit 

senescence by inducing the expression of the anti-apoptotic molecule Bcl-2 in MPECs 

and central memory T cells [52, 367, 440], it also supports mitochondrial biogenesis 

and respiration through PGC-1α [415, 441]. Furthermore, we detected butyrate-
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mediated CD44 upregulation in both murine and human CAR T cells. High CD44 

expression denotes Th1 cells with increased resistance to Fas-mediated apoptosis 

[442], and correlates to CD4+ and CD8+ T cell expansion via interleukin-2 receptor 

alpha (IL-2Rα) expression [443]. Together, our metabolic, FoxO1, and CD44 readouts 

suggest that butyrate may be beneficial in maintaining stemness and persistence in 

CAR T cells. 

 

We observed that butyrate treatment caused the dual upregulation of FoxO1 

and T-bet in both CD4+ and CD8+ CAR T cells. This may suggest that butyrate 

disrupted the ability of FoxO1 to inhibit T-bet expression in CAR T cells, which was 

congruent with our observations in butyrate-treated gDT-II cells in Chapter 4. Inhibition 

by the transcription factor FoxO1 may be compensated by an upregulation of other 

transcriptional activators of T-bet. We found that butyrate upregulated Il12rb1 and 

Il12rb2 in butyrate-treated transgenic CD8+ T cells (data not shown). Perhaps FoxO1-

induced inhibition was bypassed through increased IL-12 signalling which is known to 

promote T-bet expression [444]. Additionally, the disconnect in transcriptional 

regulation may be attributed to butyrate-mediated mechanisms including signalling 

through SCFA receptors and epigenetic modifications [31, 151, 173]. As we and others 

have shown, butyrate is known to induce profound alterations in the transcriptome of 

the cell [445, 446]. These mechanisms have the potential to induce complex changes 

in transcriptional and epigenetic regulation of T-bet expression. Dual upregulation of 

FoxO1 and T-bet by butyrate is beneficial in terms of instilling both stem-like and 

effector-associated qualities in the CAR T cells. Of note, Gacerez et al. showed that 

T-bet overexpression in CD4+ CAR T cells significantly increased in vitro production 

of proinflammatory cytokines including IFN-γ and TNF-α, and promoted the survival of 

lymphoma-bearing mice to a greater degree than CD4+ CAR T cells that expressed 

CARs alone [407]. However, T-bet overexpression in their system was achieved by 

transduction with a CAR/T-bet construct [407], not butyrate. 

  

To study the effects of butyrate on CAR T cell functionality, we assessed 

effector molecule expression. A previous study reported a butyrate-mediated increase 

in IFN-γ and TNF-α production by CD8+ CAR T cells in vitro [123]. Here, we not only 

found that butyrate upregulated TNF-α in CD8+ CAR T cells, but also promoted CD4+ 

and CD8+ CAR T cell production of other proinflammatory cytokines and cytotoxic 
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mediators. These phenotypic changes translated into an improved CAR T cell killing 

capacity induced by butyrate. We have observed a similar effect in transgenic CD4+ 

and CD8+ T cells, where butyrate significantly promoted in vitro direct killing of tumour 

cells by gDT-II  cells (Section 4.2.7) and gBT-I cell killing of gB-expressing target cells 

in vivo (Lindsay Kosack; unpublished data). It is therefore likely that both CD4+ and 

CD8+ CAR T cells were able to lyse tumour cells.  

 

One of our most striking findings was that monotherapy with butyrate-treated 

CAR T cells inhibited tumour growth in vivo similar to CAR T cell/ICB combination 

therapy. Our in vitro CAR T cell metabolic phenotyping suggests that butyrate also 

promoted mitochondrial activity, and potentially reduced susceptibility to exhaustion. 

In addition to the improved CAR T cell cytotoxicity, potential changes to stemness in 

both CD4+ and CD8+ subsets may have improved long-lived in vivo responses. Indeed, 

as other groups have also identified memory markers, fatty acid metabolism and 

mitochondrial metabolism to be closely associated with better anti-tumour responses 

[415, 447], it would not be surprising if butyrate was eliciting better tumour control 

through these mechanisms. 

 

Treatment of CAR T cells with butyrate may overcome certain limitations of 

current strategies that are being trialled to improve treatment efficacy against solid 

tumours. Combination therapy with ICB, although generally effective in improving anti-

cancer responses, introduces additional risks to patients [448]. ICB itself as well as 

CAR T cell/ICB synergy have led to potentially fatal off-target adverse events in the 

form of autoimmunity [448, 449]. Up to 40% of patients who received anti-PD1 

reportedly suffered from fatigue or skin toxicities [450, 451], and 6% to 20% of 

melanoma patients who were enrolled in a phase 3 ICB clinical trial were diagnosed 

with thyroid dysfunction [452]. The use of butyrate in CAR T cell manufacturing 

processes may reduce the need for additional ICB and circumvent the associated 

risks.  

 

One other study has shown that the usage of butyrate during CD8+ CAR T cell 

manufacturing reduces the rate of tumour growth in a subcutaneous B16 melanoma 

model [123]. Building on these findings, we demonstrated that butyrate additionally 

promoted CD4+ CAR T cell anti-tumour response in vitro, and showed that a 
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monotherapy consisting of both butyrate-treated CD4+ and CD8+ CAR T cells was as 

effective as CAR T cell/ICB combination therapy in an orthotopic E0771 breast cancer 

model. These exciting findings highlight the ability of microbiota-derived butyrate in 

promoting CAR T cell functionality and differentiation into anti-tumour subsets.  As 

human CAR T cell in vitro phenotypes closely reflected that of murine CAR T cells, we 

look forward to our future studies which will aim to validate the use of human CAR T 

cells in vivo. In summary, we propose the novel concept of butyrate as a prospective 

avenue in improving existing CAR T cell therapy. Combined with our knowledge 

relating to the mechanisms of butyrate in T cells, our work presents new insights into 

how this compound targets selected molecules to regulate T cell fate decisions and 

functionality, and as such, the possible clinical relevance of this SCFA. 
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Chapter 6 Final discussion and conclusions 

 

6.1 Opening remarks 

The appreciation of microbiota-derived SCFAs at the interface of commensals 

and host immune responses has grown considerably in the past few decades. SCFAs 

were initially understood to promote immunoregulation through Tregs, particularly in 

the context of autoimmunity such as ulcerative colitis [183, 201]. In recent years, their 

ability to induce Th1-associated factors such as IFN-γ and T-bet in Tregs [152] and 

IFN-γ in primary CD8+ T cell responses [151, 181] has reflected a role of SCFAs that 

extends beyond anti-inflammatory responses. Dietary fibre consumption, SCFA-

producing commensals and systemic SCFA levels have been associated with better 

progression-free survival of cancer patients and responses to ICB [153, 248, 249, 

256]. However, our understanding of the direct contribution of SCFAs to T cell 

immunity during inflammation remains limited. To address this, we characterised 

SCFA-driven changes in effector CD4+ and CD8+ T cell differentiation and function, as 

well as their associated mechanisms and therapeutic applications.  

 

6.2 Key findings and outlook 

6.2.1 SCFA sensing through GPR41 and GPR43 promotes CD8+ T cell memory 

potential 

The majority of knowledge regarding the effects of SCFAs on CD8+ T cells 

revolves around the upregulation of effector molecules [151, 181, 453, 454]. Although 

a few groups have investigated the mechanisms responsible for these effects, the 

importance of GPR41 and GPR43 signalling to CD8+ T cell cytokine expression is still 

controversial [31, 151, 162, 181]. Furthermore, limited focus has been placed on how 

SCFA can skew CD8+ T cell differentiation. Our previous work demonstrated a role for 

butyrate in enhancing CD8+ T cell memory potential [31]. We showed that 

mechanistically, GPR41 and GPR43 expression was required for optimal IFN-γ 

production during recall responses upon the re-activation of memory T cells [31]. To 

understand whether this discrepancy in CD8+ T cell memory function was associated 

with differences in priming, we compared the differentiation and function of 

GPR41/GPR43-deficient CD8+ T cells with their competent counterparts during 
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primary viral infection. Given that infections with intracellular pathogens can raise 

SCFA levels to concentrations beyond the EC50 values of GPR41 and GPR43 [160, 

188, 196], it was likely that cells were able to detect SCFAs through GPR41 and 

GPR43 in our model. Our findings suggested that GPR41 and GPR43 signalling 

contributed to the differentiation and optimal functionality of CD8+ T cells in vivo. The 

expression of these receptors enabled increased retention of stemness, as indicated 

by a larger EEC population and preferential differentiation into MPECs in the spleen 

and skin of WT mice compared to GPR41/GPR43-deficient mice. Compared to 

SLECs, MPECs have been shown to preferentially seed into the skin and generate 

tissue-resident memory T cells, a subset of cells that confers immediate protection to 

local tissue upon re-infection [292, 455, 456]. This could be one important outcome of 

GPR41 and GPR43 signalling.  

 

The role of SCFA receptors in T cell immunity remains unresolved with some 

reports showing low to undetectable mRNA transcripts encoding for these receptors 

in T cells [124, 174, 183, 184]. To address this, we validated that activated CD8+ T 

cells expressed mRNA encoding GPR41 and GPR43. Secondly, to understand 

whether the effects on differentiation and function were due to a global deficiency in 

GPR41 and GPR43 or solely dependent on receptor signalling within CD8+ T cells, we 

investigated CD8+ T cell-intrinsic and extrinsic contributions of GPR41 and GPR43. 

By adoptively transferring WT gBT-I cells into GPR41/GPR43-deficient recipients, we 

discovered that optimal TNF-α production relied on CD8+ T cell-intrinsic receptor 

signalling while memory precursor formation depended on CD8+ T cell-extrinsic 

receptor signalling. GPR41 and GPR43 engagement activates the p38 mitogen-

activated protein kinase and ERK signalling cascades that control a plethora of 

immune-related genes [173, 457]. For example, p38 is a key positive regulator of TNF-

α in T cells [458], and ERK activation induces a memory phenotype as well as reduces 

the viral titres in acute and chronic LCMV infection [459]. These could be mechanisms 

by which SCFA signalling transcriptionally controls CD8+ T cell immunity. SCFA-

induced chemotaxis has been suggested to be an additional effect of GPR43 signalling 

in neutrophils [179], although this has not yet been demonstrated in T cells. In fact, 

our preliminary findings argued against a role for GPR41 and GPR43 in butyrate-

induced T cell migration (data not shown).  
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The significant role of CD8+ T cell-extrinsic receptor signalling in MPEC 

differentiation indicates the need to investigate the involvement of other cell types. 

Although there have not been prior studies describing how GPR41 and GPR43 

signalling in DCs impacts CD8+ T cell priming to our knowledge, SCFAs have been 

shown to prompt DCs to alter CD4+ T cell differentiation in a GPR41- and GPR43-

dependent manner [204, 234]. Taking into consideration that SCFAs can also act as 

metabolites [31] and induce epigenetic modifications [123], SCFA sensing through 

GPR41 and GPR43 is likely just one of the mechanisms by which SCFAs regulate 

CD8+ T cell stemness and function during priming. To further distinguish the CD8+ T 

cell-intrinsic and extrinsic effects of GPR41 and GPR43, we have generated 

GPR41/GPR43-deficient gBT-I mice for future experiments. We will transfer 

GPR41/GPR43-deficient gBT-I cells into WT recipients to confirm that MPEC 

differentiation and TNF-α production is driven by CD8+ T cell-extrinsic and intrinsic 

receptor signalling respectively. Additionally, although our results indicated a 

correlation between GPR41- and GPR43-dependent TNF-α production by CD8+ T 

cells and viral control, pro-inflammatory cytokine production by monocytes and 

epithelial cells are also known to be altered by SCFA receptors [460-462]. We next 

aim to validate that the attenuated viral control in receptor-deficient mice is caused by 

the lower TNF-α expression by CD8+ T cells. To do so, we will compare the viral load 

in GPR41/GPR43-deficient mice that either received an adoptive transfer of TNF-α-

deficient or WT gBT-I cells.  

 

Apart from the influence of SCFAs on viral immunity, there is a growing interest 

in their role in cancer [153, 246, 463]. In B16 tumour-bearing mice, butyrate and 

pentanoate pre-treatment of CD8+ T cells promoted their IFN-γ and TNF-α production 

[123]. Oral administration of these metabolites was also found to upregulate IFN-γ 

production by CD8+ T cells in an MC38 mouse tumour model [154]. While it is known 

that agonist-induced signalling through GPR41 and GPR43 within tumour cells directly 

inhibits their proliferation and survival [464, 465], our results emphasise the potential 

of SCFA receptor signalling within CD8+ T cells in aiding in anti-tumour responses. 

GPR41 and GPR43 enhance the following aspects of CD8+ T cells which contribute 

to their role as central players in tumour control: their induction of cytotoxicity and 

ability to maintain long-term tumour surveillance. TNF-α, which is capable of inducing 

apoptosis and necroptosis of tumour cells [466], is elevated through GPR41 and 
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GPR43 signalling. Secondly, CD8+ T cells are capable of long-term protection against 

cancer, with memory CD8+ T cells associated with better patient prognosis [467, 468] 

and various therapies seeking to maintain a memory phenotype [469, 470]. Our 

observations that GPR41 and GPR43 signalling supports CD8+ T cell memory 

potential and functionality could therefore have implications on cancer therapies. 

These findings add to a growing body of evidence demonstrating that SCFA sensing 

contributes to the CD8+ T cell arm of pro-inflammatory responses. Synthetic GPR43 

agonists that are currently being investigated for the treatment of inflammatory 

diseases such as inflammatory bowel disease [284, 471, 472] may therefore possess 

therapeutic potential in cancer. 

 

6.2.2 Butyrate induces CD4+ T cell cytotoxicity against tumour cells 

Having shown that SCFA receptors can promote CD8+ T cell stemness and 

functionality, we next sought to understand whether SCFAs also alter conventional 

CD4+ T cell differentiation and function. It is well understood that SCFAs promote Treg 

formation and homeostasis, particularly under in vitro Treg polarising conditions and 

in autoimmune models [165, 183, 201]. However, a few studies have revealed that 

SCFAs can also support the enhanced expression of Th1-associated markers, such 

as T-bet and IFN-γ, when cells were activated under classical Th1 or even Treg 

polarising conditions in vitro [124, 152]. In a small clinical study that characterised the 

effects of dietary intervention on immune cell subsets, a higher number of Th1 cells 

were detected in healthy individuals on a high SCFA diet compared to those on a low 

SCFA diet [473]. Based on these studies, we hypothesised that SCFAs may enhance 

Th1-associated differentiation and functionality. Our study furthermore aimed to 

unravel the mechanisms behind this SCFA-induced phenotype and assess whether 

these functional changes impacted anti-tumour responses. 

 

We cultured in vitro activated CD4+ T cells with the SCFAs acetate, propionate 

or butyrate, and found that the Th1 master transcription factor, T-bet, was most 

strongly upregulated by butyrate. Strikingly, butyrate upregulated T-bet to a level that 

resembled classical Th1 cells. Butyrate promoted the expression of several other Th1-

associated effector markers, such as Ly6C and IFN-γ. We additionally identified 

butyrate-induced increases in memory-associated and cytotoxic marker expression 
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that had not yet been reported by other studies. Interestingly, certain aspects of the 

transcriptional control induced by butyrate were non-characteristic of classical Th1 or 

cytotoxic CD4+ T cells. For example, FoxO1 is typically downregulated in Th1 cells 

[304, 474] and its expression reportedly induces Treg differentiation instead [475]. 

However, we observed that butyrate promoted the upregulation of FoxO1 alongside 

T-bet. Of note, memory and terminal effector programmes are typically antagonistic. 

FoxO1 is a stemness marker [57, 354] while high T-bet levels are reflective of a 

terminal effector phenotype [305]. Butyrate appears to disrupt this inverse relationship. 

Although the exact mechanism for this remains unknown, inhibiting FoxO1 activity led 

us to pinpoint FoxO1 as a key transcriptional activator of butyrate-induced T-bet, Ly6C 

and IFN-γ expression. Butyrate induced significantly greater granzyme B, perforin and 

FasL expression – a phenotype shared with cytotoxic CD4+ T cells. However, unlike 

cytotoxic CD4+ T cells that classically upregulate Eomes, which is often recognised as 

their master transcription factor, butyrate did not alter Eomes expression [46, 476]. 

This led us to hypothesise that butyrate-treated CD4+ T cells were non-classical 

cytotoxic Th1-like cells.  

 

Our novel findings from this thesis highlighted the ability of butyrate to induce a 

pronounced increase in CD4+ T cell killing of tumour cells. While many groups have 

shown that butyrate can directly kill tumour cells [477, 478], our data suggests that 

butyrate can also promote tumour cell death through CD4+ T cell cytotoxicity. We 

identified that CD4+ T cell cytotoxicity was mainly contingent on FasL. Others have 

likewise demonstrated that CD4+ T cells can kill a range of target cells via the FasL/Fas 

pathway, including CD8+ T cells [385] and APCs [479, 480]. Similar to untreated CD4+ 

T cells, 65% of tumour cell death induced by butyrate-treated cells relied on FasL. This 

suggested that butyrate does not enhance killing through this mediator alone. Another 

possible contributor that can be assessed in the future is TRAIL, an inducer of 

programmed cell death that is known to be used by cytotoxic CD4+ T cells to target 

FasL-resistant tumour cells [481, 482]. Most interestingly, the degree of tumour cell 

killing induced by butyrate even surpassed classical Th1 cells, emphasising that 

butyrate-treated cells were functionally distinct from classical Th1 cells. Interestingly, 

while other groups have identified that butyrate upregulated the immunoregulatory 

cytokine IL-10 in Th1 cells [203, 483] which could blunt anti-tumour immunity, our 

results suggest that the anti-tumour function remains intact in this model. Moreover, 
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butyrate-mediated cytotoxicity was strikingly similar to that induced by TSA-mediated 

histone acetylation. It has been shown that the deletion of HDAC3 increased the killing 

capacity CD8+ T cells against B16 tumour cells, suggesting that histone acetylation 

indeed supports T cell cytotoxicity [484]. In line with previous reports of various cell 

types including Tregs [165, 167, 370], we showed that butyrate induced histone H3 

acetylation in CD4+ T cells. In this model, metabolic alterations, cytokine and cytotoxic 

mediator expression appeared to depend on histone acetylation. Butyrate is known to 

promote this epigenetic modification through HAT stimulation and HDAC inhibition 

[342]. HAT and HDAC activities can be assayed to understand the contributions of 

both pathways in butyrate-induced histone acetylation in the model tested. The 

potential effects of butyrate on HATs and HDACs coincides with reports that Sp1 

promoter sites of various butyrate-responsive genes in tumour cells recruit HDACs 

and HATs which regulate histone acetylation, as summarised by Davie et al. [339]. 

Sp1 is a ubiquitous transcription factor that regulates the expression of a wide range 

of genes. In CD8+ T cells, we established that Sp1 potentially regulated almost 60% 

of butyrate-responsive genes (unpublished data). Although the relationship between 

butyrate, Sp1, and the regulation of histone acetylation has not been studied in T cells, 

ChIP sequencing may shed some light on such associations in CD4+ T cells. As such, 

another relevant question in the field is whether this transcription factor is required for 

butyrate-mediated epigenetic effects on target genes in CD4+ T cells. As histone 

acetylation confers a better killing capacity to CD4+ T cells, uncovering these 

epigenetic and transcriptional regulators could inform us about the mechanisms of 

butyrate-induced cytotoxicity.  

 

Together, these results highlight the ability of butyrate to promote CD4+ T cell 

cytotoxicity. Butyrate tunes CD4+ T cell immunity, inducing stronger pro-inflammatory 

responses. Earlier reports about the prognostic value of cytotoxic CD4+ T cells and 

Th1 cells in cancer have emphasised the importance of these subsets in anti-tumour 

responses. Upon ICB therapy, greater IFN-γ produced by Th1 cells enhanced tumour 

rejection, in part through the polarisation of iNOS+ macrophages [485-487]. Cytotoxic 

CD4+ T cells are particularly important as various tumours downregulate MHC-I to 

escape cytotoxic CD8+ T cell detection, but are still susceptible to killing by CD4+ T 

cells as they express MHC-II [488, 489]. With the ability of butyrate to enhance IFN-γ 

and cytotoxic mediator expression, and possibly even stemness through FoxO1 
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expression, butyrate may support sustained effector responses. A possible limitation 

of our experiments is that the concentration of butyrate which was used to treat in vitro 

cell cultures was greater than serum levels in humans but comparable to intestinal 

concentrations [127]. This suggests that our experimental setup may be more 

reflective of butyrate-mediated responses of CD4+ T cells that are localised to or 

migrating through intestinal sites, compared to cells in distant regions. Hence, when 

considering the use of butyrate for therapeutic purposes, the optimal effects of butyrate 

on CD4+ T cells are more likely to be achieved by direct SCFA administration in vitro. 

An example of how these findings may be applied in a therapeutic setting is through 

the use of butyrate during CAR T cell manufacturing which requires in vitro culturing 

of cells before infusion into patients. 

 

6.2.3 CD4+ and CD8+ CAR T cell efficacy is improved by butyrate 

CAR T cell therapy has been successful in treating haematological cancers and 

is currently being investigated in clinical trials for use against solid tumours [490]. 

Understanding the Achilles’ heel of CD4+ and CD8+ CAR T cell subsets has informed 

us of potential targets to improve treatment efficacy. CD4+ CAR T cells are known to 

be less cytotoxic than CD8+ CAR T cells; while the latter are more prone to activation-

induced cell death and showed reduced persistence than their CD4+ counterparts 

[491-493]. Mechanistically, the metabolic dysfunction of CAR T cells severely limits 

the effectiveness of treatment resulting in reduced survival and attenuating effector 

functionality [494]. This is one of the key reasons for a majority of patients experiencing 

disease progression [495, 496]. As mentioned earlier, we detected butyrate-induced 

upregulation in both effector and memory-associated markers in transgenic CD4+ and 

CD8+ T cells. Additionally, in a separate experiment using chronic LCMV Docile-

infected mice, we identified that butyrate significantly downregulated the exhaustion 

marker TOX in CD8+ T cells (data not shown). We therefore hypothesised that butyrate 

could overcome limitations faced by conventional CAR T cells. By treating a mix of 

CD4+ and CD8+ CAR T cells with butyrate, we discovered that butyrate targeted the 

shortcomings of both subsets. Mitochondrial membrane potential and mitochondrial 

biomass were enhanced upon butyrate treatment of murine CD4+ and CD8+ CAR T 

cells. Butyrate improved the cytotoxicity and induced stemness-associated FoxO1 

expression in CD4+ and CD8+ CAR T cells. A previous study that investigated the 
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effects of pentanoate on CD8+ CAR T cells similarly indicated that TNF-α expression 

and the ability of pentanoate-treated CAR T cells to lyse K562 leukemia cells were 

elevated [123]. Furthermore, other studies have found that functional and 

dysfunctional CAR T cells possess distinct epigenetic profiles [496, 497]. As our 

results from Chapter 4 indicated that butyrate can induce histone hyperacetylation in 

CD4+ T cells, it is possible that epigenetic modifications were an additional mechanism 

by which butyrate promoted effector- and memory-associated marker expression.  

 

Relative to control CAR T cells, butyrate-treated murine CAR T cells showed 

enhanced killing of tumour cells in vitro. In vivo, we demonstrated that monotherapy 

using these superior CAR T cells generated with butyrate led to significantly better 

control of E0771-HER2 breast cancer relative to control CAR T cells or ICB 

monotherapy. Perhaps our most striking finding was that butyrate-treated CAR T cell 

monotherapy was as effective as CAR T cell/ICB combination therapy. To determine 

how butyrate confers an advantage to CAR T cells in vivo, it would be important to 

characterise the metabolic, cytotoxic and exhaustion marker profiles CAR T cells from 

mice that have received the respective therapies. The incorporation of butyrate into 

the CAR T cell manufacturing processes may reduce the need for combination 

therapy. As a result, this could serve as a potential avenue to minimise toxicities from 

ICB and lower treatment costs. Furthermore, our preliminary data showed that 

butyrate treatment of human CAR T cells led to similar changes to murine CAR T cells. 

The translatability of cancer immunotherapy between mouse and human immunology 

has also been demonstrated in a melanoma study by Gopalakrishnan et al. [248]. The 

authors showed that colonisation by microbiota from ICB patient responders led germ-

free mice to control their tumours better than recipients of microbiota from patient non-

responders [248]. Importantly, the bacterial families and genera associated with 

effector CD4+ and CD8+ T cells consisted of butyrate-producers. This hints at the 

exciting potential for butyrate-treated CAR T cells in improving treatment efficacy in 

humans.  

 

As such, we sought to investigate the anti-tumour efficacy of butyrate-treated 

human CAR T cells. There is strong evidence for the synergy between CD4+ and CD8+ 

CAR T cells [392, 410], but we do not yet understand how butyrate alters this synergy 

or the contributions by the respective T cell subsets to tumour control. CD4+ CAR T 
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cells are relatively under studied compared to their CD8+ T cell counterparts. Despite 

this, there is evidence that CD4+ CAR T cells alone improve the survival of lymphoma-

bearing mice even in the absence of CD8+ CAR T cells [407, 410]. This effect was 

even more prominent in CD4+ CAR T cells that overexpressed T-bet [407]. 

Considering butyrate augments T-bet expression, the killing potential and stemness 

markers of CD4+ T cells in vitro, we plan to further investigate the in vivo effects of 

butyrate-treated CD4+ CAR T cells. This will be performed by treating LeY+ OVCAR-3 

tumour-bearing NOD SCID gamma (NSG) mice with human CD4+ CAR T cells in the 

absence of their CD8+ counterparts. Although the killing kinetics of CD4+ and CD8+ 

CAR T cells reportedly differ, they possess a similar overall effectiveness at direct 

killing of tumour cells [492, 498, 499]. This suggests a significant dependence of 

tumour control on CD4+ CAR T cells that should be further investigated and 

harnessed. These findings can better inform us of the suitability of butyrate for 

therapeutic use from a translational perspective. 

 

6.3 Concluding remarks 

In summary, this thesis demonstrated that SCFAs such as butyrate are capable 

of complex regulation of CD4+ and CD8+ T cell immunity, giving rise to more efficient 

immune responses. Mammals are unable to digest dietary fibre, but carbohydrate-

fermenting bacteria have filled this niche and co-evolved with their hosts, producing 

SCFAs. This commensalism suggests that SCFAs are advantageous to host biology. 

Our gut microbiota is known to be capable of immunomodulation [500, 501]. The 

disruption of this delicate ecosystem in turn creates systemic effects on our health. 

For example, illness, dietary changes and the use of antibiotics have the capacity to 

modify gut microbe composition. Dysbiosis can play a key role in cancer development, 

ranging from tumours in the colon to breast and laryngeal carcinomas [502, 503]. From 

dysbiosis stems a range of factors that are capable of tuning host immune responses 

and in turn, disease pathogenesis. For example, alterations in gut microbe diversity 

have implications on metabolic by-products generated by intestinal bacteria, such as 

SCFAs. Perturbances in SCFA availability in the microenvironment may change the 

nature of T cell responses through effects on differentiation and function, potentially 

resulting in sub-optimal immune responses. 
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From our data, not only could SCFAs enhance the production of effector 

molecules that possessed anti-viral and anti-tumour function, they also promoted T 

cell stemness which has the potential to improve memory responses to re-infection. 

Yet others have revealed that SCFAs also possess an immunoregulatory effect on 

both CD4+ [210, 221, 363] and CD8+ T cells [238, 504]. Perhaps an evolutionary 

benefit of humans housing SCFA-producing gut commensals is the homeostatic ability 

of SCFAs to limit excessive inflammation when self-tolerance is lost [183], but to also 

encourage a pro-inflammatory response in the presence of an immune threat as we 

have demonstrated. This dual role is also observed in the context of diet, where high 

fibre diets have been associated with both lower levels of inflammation in 

cardiovascular diseases and autoimmune conditions [505, 506], and better recovery 

upon viral infections or cancer [507, 508]. Exactly what tips the balance, causing 

SCFAs to have a pro- or anti-inflammatory effect, is not yet understood but it is likely 

context-dependent. Systemic SCFA concentrations may act as a rheostat in terms of 

determining the nature of responses induced. Infection with Listeria monocytogenes 

has been demonstrated to give rise to systemic acetate levels above baseline 

concentrations, thereby supporting CD8+ T cell responses [160, 188]. Other factors 

such as the strength of antigen stimulation and type of cytokines in the 

microenvironment likely provide input signals in unison with SCFAs, determining the 

nature of the T cell response. Apart from the direct effects on T cells, the ability of 

SCFAs to regulate T cell responses through APCs, such as their activation, contributes 

an additional layer of complexity.  

 

Our study has demonstrated that the strengthening of anti-viral and anti-tumour 

responses is not limited to the ability of butyrate to augment cytokine and cytotoxic 

mediator production, but may also be a result of improved stemness. The acquisition 

of effector function is generally believed to be a result of greater differentiation and a 

corresponding reduction in stemness. However, butyrate appears to disrupt the 

inverse relationship between the transcriptional regulators T-bet and FoxO1 though 

the potential mechanisms require further inquiry. This could nevertheless be highly 

advantageous, particularly in the context of potential re-infection or chronic T cell 

stimulation such as in cancer settings. From a translational perspective, the ability of 

butyrate to amplify both these qualities simultaneously can be harnessed for 

immunotherapy. This applies to T cell-based treatments such as CAR T cells where 
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the inclusion of butyrate in manufacturing processes could improve the persistence 

and functionality of CAR T cell products. Supporting T cell-based immunotherapies, 

such as ICB or CAR T cell therapy, with a higher intake of dietary fibre or butyrate 

supplements may also improve T cell responses. Our work invites further discussion 

and investigation of the clinical use of butyrate which could potentially serve as a 

powerful therapeutic avenue to enhance anti-cancer responses. 
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