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Abstract 

 
Autoimmune and inflammatory diseases such as rheumatoid arthritis (RA), multiple 

sclerosis (MS), psoriasis, and inflammatory bowel disease (IBD) are characterised by 

excessive and uncontrolled inflammation. Most of these diseases are incurable and their 

aetiology is only partially understood. Many patients become refractory to currently 

available treatments or show no response to these treatments from the outset. Given the 

increased incidence of these diseases, there is a growing need for novel anti-inflammatory 

therapies, with increased long-term efficacy and less adverse side effects.  

 

It is well known that many pathogens, including parasites, suppress host immune 

responses to establish latency and/or maintain persistent infection. Therefore, there has 

been increased interest in recent years in exploiting parasite-derived products for 

therapeutic benefit to treat autoimmune/inflammatory conditions. The extracellular 

parasite and causative agent of African sleeping sickness, Trypanosoma brucei (T. brucei), 

has evolved a number of strategies to avoid immune detection in the host. One recently 

described mechanism involves the conversion of host-derived amino acids to aromatic 

ketoacids, which are detected at relatively high concentrations in the bloodstream of 

infected individuals. These ketoacids have been shown to directly suppress inflammatory 

responses in murine immune cells, as well as acting as potent inducers of the stress 

response enzyme, heme oxygenase 1 (HO-1).  

 

Indeed, induction of HO-1 is considered a promising therapy for autoimmune and 

inflammatory conditions, and several studies have demonstrated that the HO reaction 

products, biliverdin and bilirubin, have potent anti-inflammatory, as well as antioxidant, 

properties. Administration of synthetic forms of these tetrapyrroles, or indeed 

upregulation of the inducible form of HO-1 following administration of cobalt 

protoporphyrin (CoPP), has been shown to alleviate inflammation in several animal models 

of disease. There is now a growing body of evidence supporting modulation of the HO-1 

system as a treatment for gastrointestinal diseases, however, clinical implementation of 

HO-1 based therapies faces numerous challenges. Traditional HO-1 inducers primarily 



 v 

include metalloporphyrins, which strongly upregulate HO-1 expression, but are also 

associated with significant toxicity concerns and, while they have shown considerable 

efficacy in colitis models, are unsuitable for clinical use. Therapeutic administration of 

linear tetrapyrroles also faces challenges, therefore there is a solid rationale to identify 

safer and better tolerated alternatives to currently available HO-1 inducers. The aim of this 

study was therefore to investigate the immunomodulatory properties of T. brucei-derived 

ketoacids in primary human immune cells and further examine their potential as HO-1 

inducers and novel therapies for inflammatory diseases, with specific focus on IBD.  

 

Results from this study demonstrate that the T. brucei-derived ketoacids, indole pyruvate 

(IP) and hydroxyphenylpyruvate (HPP), induce HO-1 expression through Nrf2 activation in 

human dendritic cells (DC). They also limit DC maturation, reduce the expression of co-

stimulatory markers and suppress the production of pro-inflammatory cytokines, which, in 

turn, leads to a reduced capacity to differentiate adaptive CD4+ T cells. Furthermore, the 

ketoacids are capable of modulating DC cellular metabolism, inhibiting glycolysis and 

reducing expression of the key glycolytic enzyme, hexokinase 2 (HK2), as well as 

modulating expression of autophagy-related proteins. Finally, it is demonstrated that T. 

brucei-derived ketoacids are capable of inhibiting proliferation and pro-inflammatory 

cytokine production in T cells isolated from patients with IBD. This study therefore not only 

provides further evidence of the immune-evasion mechanisms employed by T. brucei, but 

also supports further exploration of this new class of HO-1 inducers as potential 

therapeutics for the treatment of inflammatory conditions.  
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1.1  The immune system 

 

The mammalian immune system defends against infection or disease and is comprised of 

a network of many different tissues, molecules, and cells. In order to function properly, the 

immune system must recognise and remove pathogens from the host to ensure they do 

not cause excessive damage or death. It must also be capable of distinguishing between 

different types of pathogens, between self- and non-self, and between healthy or damaged 

tissue. 

 

Vertebrates have a more complex immune system than invertebrates, which can be 

divided into two subsystems; the innate immune system and the adaptive immune system 

[1,2]. The innate immune system is the first line of defence against pathogens [3]. It is 

present from birth and is found in all types of plants and animals [3]. It consists of 

anatomical barriers, the complement system, inflammatory mediators, and leukocytes 

from the myeloid lineage, including phagocytic cells e.g. neutrophils, macrophages, and 

dendritic cells, which will be further discussed in section 1.1.1 [3]. These cells are rapidly 

activated upon infection and, unlike the adaptive immune system, do not carry the capacity 

for long-term immunological memory. However, in recent years increasing evidence has 

described the potential of the innate immune system to become trained and respond 

faster upon re-exposure to an antigen [4]. Innate immune cells express pathogen 

recognition receptors (PRRs), including toll-like receptors (TLRs), C-type lectin receptors 

(CLRs), NOD-like receptors (NLRs) and RIG-I like receptors (RIRs) [5]. These PRRs recognise 

pathogen-associated molecular patterns (PAMPs), for example lipopolysaccharide (LPS), 

which is found in the cell-wall of many strains of bacteria but not on the host’s own cells 

[5]. Damage associated molecular patterns (DAMPs) are also recognised by PRRs [5]. These 

are host-derived molecules which arise as a result of cell stress, cell death, and/or tissue 

damage. The adaptive immune response is functional only in vertebrates and is mediated 

by cells of lymphoid origin, primarily T cells and B cells [1,2]. These are specialised cells 

which have highly variable antigen receptors, achieved through V(D)J recombination, 

leading to their ability to recognise and bind specific antigens [1,2]. These cells are capable 

of clonal expansion and possess immunological memory, a feature which provides the basis 
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for vaccination [1,2]. Both the innate and adaptive immune system function together to 

protect the host from damage and infection [6]. 

 

1.1.1 Dendritic cells 

 
Dendritic cells (DC) are mononuclear, bone-marrow-derived phagocytic cells which are a 

key component of the innate immune system. DC are typically considered ‘professional’ 

antigen presenting cells (APC), and act as a bridge between the innate and adaptive 

immune response due to their role in presenting antigen to T cells. Hence, they are critical 

for the induction of both a primary innate immune response, and the subsequent adaptive 

immune responses. There are a number of different DC subsets, with the two main subsets 

consisting of plasmacytoid DC and conventional DC [7]. Plasmacytoid DC are the rarer 

subset which typically detect viral infections via recognition of PAMPs by the endosomal 

TLRs, TLR7 and TLR9. In response, these cells secrete large amounts of type 1 interferons 

(IFN) [7]. On the other hand, conventional DC are more ubiquitous and secrete pro-

inflammatory cytokines, including the interleukins (IL) IL-1, Il-23, IL-12 and IL-6, following 

activation of TLRs such as TLR4 and TLR2 [7]. For the purpose of this thesis, from here on 

‘DC’ will refer to the conventional DC subset.  

 

DC progenitors arise in the bone marrow before migrating to peripheral tissues, where the 

main function of these immature cells is to scavenge and capture antigen, primarily 

through phagocytosis. Upon antigen capture, DC undergo a number of functional and 

phenotypic changes as they switch from an immature to a mature state (Figure 1.1) [8]. DC 

must return to secondary lymphoid organs to activate naïve T cells, therefore their 

maturation is also linked to their migration, and is accompanied by the upregulation of the 

chemokine receptor, CCR7 [9]. As DC mature from a phagocytic state to an antigen 

presenting state, they also upregulate a number of maturation and co-stimulatory markers 

required for antigen presentation and T cell activation, including CD80, CD83, CD40 and 

CD86 [8]. This switch is also accompanied by a change in cell morphology (to better 

facilitate antigen presentation), and an increase in surface expression of major 

histocompatibility complex (MHC) molecules, upon which antigen peptides are loaded and 

presented to T cells on the surface of the DC [8]. Upon activation, DC also secrete many 
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different cytokines which play important roles in shaping the immune response, for 

example the secretion of certain polarising cytokines by DC can induce the differentiation 

of specific T cell subsets  [8], which is further discussed in section 1.1.2. DC are also 

important for maintaining immune homeostasis and promoting T cell tolerance through 

the presentation of harmless or self-antigens to T cells without any accompanying 

activating signals, resulting in the generation of tolerance, which will be further discussed 

in section 1.2. 

 

 
 
Figure 1.1 Maturation of Dendritic Cells.  
Immature DC phagocytose PAMPs and DAMPs in the periphery. These cells have high levels 
of intracellular MHC molecules, as well as low surface expression of CCR7, CD40 and CD80. 
Upon antigen capture, and activation of DC, the cells migrate to the secondary lymphoid 
organs, requiring the expression of high surface levels of CCR7, to which CCL19 and CCL21 
can bind. Maturation of the DC results in decreased phagocytic capacity and increased 
antigen presentation. This is accompanied by an increase in surface MHC expression, along 
with CD40 and CD80. Activated DC also release a number of cytokines. All of these factors 
coordinate, allowing DC to activate T cells. 
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1.1.2 T cells 

 

T cells are important mediators of the adaptive immune response. T cells arise from bone 

marrow progenitors that migrate to the thymus to develop, before migration to secondary 

lymphoid organs, where they can be activated by APC and exported to peripheral tissue to 

carry out their effector functions [10]. T cells include naïve T cells, which have not yet 

encountered the relevant antigens for activation, and memory T cells, which have been 

previously activated and are important for maintaining long term immunity [10]. As 

mentioned, naïve T cells become activated in secondary lymphoid organs upon antigen 

presentation by APC. From here they migrate to the site of infection or damage to carry 

out their specific effector function [10]. They require three signals in order to become fully 

activated: binding of an antigen presented by an APC on an MHC molecule to the T cell 

receptor (TCR), binding of CD28 on naïve T cells to co-stimulatory molecules (e.g. CD80/86) 

on APC, and cytokine production by APC to instruct the T cell effector functions further [8].  

For the purpose of this thesis ‘T cells’ will refer to cells which have an ab T cell receptor. 

However, there are also ‘unconventional’ T cell subsets, including cells which instead have 

gd T cell receptors, and have been described as acting on the border of the innate and 

adaptive immune response, and are reviewed in detail elsewhere [11]. 

 

CD8+ T cells and CD4+ T cells represent two distinct subsets of T cells. CD8+ T cells are also 

known as cytotoxic T cells and are activated to directly kill infected cells following 

recognition of antigens presented on MHC class I molecules. On the other hand, CD4+ T 

cells are also known as helper T cells and recognise antigens presented on MHC class II 

molecules. These cells provide help to other immune cells (e.g. B cells, macrophages, and 

CD8+ T cells) enabling them to respond appropriately to invading pathogens. CD4+ T cells 

can be further divided into a number of different subsets depending on the type of antigen 

they respond to, the transcription factors that cause their differentiation, and the cytokines 

they secrete (Figure 1.2). There are numerous helper T cell subsets including Th1, Th2, 

Th17, Th9, Th22, Tfh and regulatory T cells (Tregs) [12]. Th1 cells are generally activated in 

response to intracellular bacteria, Th17 cells in response to extracellular pathogens, and 

Th2 cells in response to extracellular parasites [12]. These cells are all generally described 
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as being pro-inflammatory due to the effector functions they carry out when activated. On 

the other hand, Treg cells are generally described as immunosuppressive, and their main 

role is to maintain self-tolerance and downregulate effector T cell activation. Each helper 

T cell subset has its own distinct cytokine profile. For example, Th1 cells secrete high levels 

of IFNg, Th17 cells secrete IL-17A and IL-17F, while Th2 cells secrete IL-4, IL-5 and IL-13 [12]. 

Tregs, on the other hand, secrete IL-10 along with other immunosuppressive cytokines 

[12]. Not surprisingly, a carefully controlled balance between different T cell subsets is 

important to prevent aberrant immune responses and disease, as discussed in section 1.2.  

 

 
Figure 1.2 Development of helper T cell subsets. 
Naïve CD4+ T cells can differentiate into different effector subsets depending on the 
cytokine they are exposed to. IL-12 and IFNg exposure activates the transcription factor T-
bet, resulting in Th1 cells, which secrete IFNg to fight intracellular pathogens. IL-4 
exposure activates the transcription factor GATA-3, resulting in Th2 cells which secrete IL-
4 to fight extracellular parasites. TGF-b and IL-6 exposure activates the transcription 
factor RORgt, leading to differentiation into the Th17 subset which secret IL-17 to fight 
extracellular pathogens. Finally, exposure of naïve T cells to TGF-b and IL-2 results in 
activation of the transcription factor FoxP3 which results in the generation of Tregs. 
These cells secrete TGF-b and IL-10, and are different to the other pro-inflammatory cells 
listed here. Instead, they downregulate inflammation and are immunosuppressive.  
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1.2 Inflammatory & autoimmune diseases 

 

The incidence of inflammatory and autoimmune disease is on the rise, particularly in 

developed countries [13]. Despite this, most of these diseases remain incurable and their 

aetiology is not fully understood [14]. Inflammatory diseases describe a wide number of 

disorders which are characterised by dysregulated inflammation. Autoimmune diseases 

are characterised by an abnormal immune response to self-antigens which in turn leads to 

excessive/uncontrolled inflammation [14]. Examples of these diseases include psoriasis, 

rheumatoid arthritis (RA), inflammatory bowel disease (IBD), multiple sclerosis (MS) and 

systemic lupus erythematosus (SLE). The initial triggering event for many of these 

conditions is unclear [14]. Onset does not usually occur until adulthood and despite the 

distinct disease pathologies seen, they all share the common hallmark features of reduced 

self-tolerance [14]. 

 

Self-reactive T cells are normally removed from the repertoire of T cells through a process 

known as negative selection which occurs in the thymus. However, in autoimmune 

diseases, self-reactive cells (and/or auto-antibodies) prevail in the host and cause damage 

due to sterile inflammation which occurs in the absence of infection [14]. As previously 

mentioned, DC are important mediators of tolerance and immune homeostasis. DC 

present in the thymus are involved in central tolerance; however, central tolerance is not 

sufficient to eliminate all self-reactive cells, therefore DC in the periphery are also 

important generators of peripheral tolerance [15–18]. In the steady state, in the absence 

of infection, DC will aid in the generation of peripheral tolerance. DC present self-antigens 

to T cells without accompanying co-stimulation. As co-stimulation is required for full T cell 

activation, the cells cannot be activated and instead become anergic, in which they are 

functionally inactivated yet still alive [19]. Tolerogenic DC will also typically secrete anti-

inflammatory cytokines, for example IL-10 [20]. Both tolerogenic and mature DC are also 

capable of promoting Treg differentiation in the periphery, another important mechanism 

for limiting inflammation and damage to the host [20]. Tolerogenic DC may be exploited 

for therapeutic purposes to treat diseases with high levels of damaging inflammation. A 

number of methods have been proposed including DC treated with agents ex vivo which 
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result in the generation of tolerogenic DC, which could then be introduced into the host to 

dampen inflammation through the methods previously discussed [17,21,22].  

  

Despite uncertainty surrounding the exact mechanisms underlying the initiation or 

pathogenesis of autoimmune diseases, it is clear that a breach in self-tolerance occurs  [14]. 

Aberrant activation of DC can lead to the secretion of pro-inflammatory cytokines, and 

activation and recruitment of other inflammatory cells [23]. Th1 and Th17 cells are the 

most commonly implicated cells in the pathogenesis of many autoimmune diseases. As 

previously mentioned, both cell types are highly inflammatory and are normally involved 

in host defence against pathogens. IL-12 and IL-23, which share a common p40 subunit, 

are secreted by activated DC and are important in the differentiation of Th1 and Th17 cells, 

respectively [12]. Initially Th1 cells, and their secreted cytokine IFNg, were considered the 

primary pathogenic cells in autoimmune diseases, as animal models of adoptive transfer 

of the cells caused autoimmune diseases, while IFNg levels correlated with disease severity 

[24,25]. Mice lacking the IL-12p40 subunit were shown to resist induction of a murine 

model of MS, initially attributing this to the lack of induction of Th1 cells [26]. However, 

upon discovery of Th17 cells, and the p40 subunit being shared with IL-23, it was soon 

revealed that Th1 cells may not be as important in the pathogenesis as once thought. IL-

17, the typical Th17 cytokine, has been found at increased levels in patients with 

autoimmune diseases [27]. Similarly, deficiencies or neutralisation of IL-17 or associated 

cytokines and cells results in resistance to these diseases [28–30]. On the other hand, as 

previously mentioned, Tregs are important for downregulating inflammatory immune 

responses and maintaining homeostasis. Therefore, any imbalance between these cell 

types could cause a serious issue to the host as a result of prolonged and chronic 

inflammation. Indeed, an increased Th17/Treg ratio has been observed in RA, IBD, MS and 

psoriasis patient samples [31].  

 

Therapeutic strategies to modulate (or suppress) the immune system have and are being 

developed to treat autoimmune diseases. For example, tocilizumab, which targets the 

Th17 differentiating cytokine IL-6, has demonstrated efficacy in the treatment of RA [32–

34]. Therapeutic effects were accompanied by a decrease in Th17 cell numbers and an 

increase in Tregs [32–34]. Secukinumab, a monoclonal antibody targeting IL-17A, exhibited 
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impressive therapeutic effects in psoriasis and psoriatic arthritis patients [35,36]. However, 

in the case of Crohn’s disease (CD), administration of the antibody resulted in worsening 

of the disease [37] and it has been suggested that IL-17 plays a positive role in regulating 

normal gut homeostasis [38]. Furthermore, studies have shown that anti-IL-17 treatment 

lacked efficacy in RA patients [39] and while ustekinumab, which targets the shared p40 

subunit of IL-12 and IL-23, demonstrated therapeutic benefit in psoriasis patients, this was 

not the case for MS patients [40,41]. This highlights the heterogeneity in different 

autoimmune diseases and the careful consideration that is required when developing 

disease modifying agents. Another factor to be taken into account are the many side 

effects associated with such treatments and, in particular, vulnerability to infections [42]. 

Many patients also become refractory to treatment or show no response to these 

treatments from the outset [42]. Therefore, there is an urgent need for novel, beneficial 

anti-inflammatory therapies, with increased long-term efficacy, tolerability, and less 

adverse side effects. 

 

1.3 Immunometabolism 

 

Every cell requires energy in order to survive and carry out normal functions. Dysregulated 

metabolism has long been recognised as a feature of many metabolic disorders, however 

more recently, metabolic reprogramming has been observed in immune cells and research 

in the area of ‘Immunometabolism’ has gained significant momentum. It has now been 

shown that not only do different immune cells engage different metabolic pathways, but 

that the activation or maturation state of the immune cell is accompanied by metabolic 

switches [43]. Furthermore, dysregulated immunometabolism has been recognised as a 

feature of many immune-mediated disorders including arthritis and psoriasis [44–46] and 

there is now potential to exploit metabolic reprogramming for therapeutic benefit, as 

discussed below. 
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1.3.1 Cellular respiration  

 

Cellular respiration is the primary method cells use to generate adenosine triphosphate 

(ATP), the main source of energy for a cell. Cellular respiration is a multi-step, catabolic 

process, typically utilising glucose as an energy source to result in the generation of ATP. 

Glucose first passes through glycolysis, which takes place in the cytosol of the cell. This 

process can take place in the presence of oxygen, resulting in the generation of pyruvate, 

which continues through the pathways involved in respiration. Glycolysis can also occur in 

the absence of oxygen, resulting in the generation of lactate. This is known as anaerobic 

glycolysis, and the lactate produced does not proceed further in respiration. Though 

glycolysis is a relatively fast process, it is relatively inefficient for energy production, with a 

net production of only 2 ATP molecules. Despite the low energy yield obtained from 

glycolysis, it is still an important pathway for the generation of many intermediates which 

are used to produce nucleotides, fatty acids and amino acids. However, in order to yield 

more energy, the process of cellular respiration continues. During aerobic glycolysis, 

pyruvate is oxidised to acetyl-CoA which then enters the tricarboxylic acid (TCA) cycle 

inside the mitochondria. The acetyl-CoA is oxidised to CO2 during this cycle while NAD+ is 

reduced to NADH. This is required for the next step in respiration: oxidative 

phosphorylation. Oxidative phosphorylation also takes place in the mitochondria, utilising 

the NADH produced during the citric acid cycle to generate energy through a proton 

gradient set up by the electron transport chain. This energy is used to power ATP synthase, 

resulting in the production of large amounts of energy, yielding 32 ATP molecules. Oxygen 

is required for oxidative phosphorylation to take place, as the electrons passing through 

the electron transport chain must ultimately be transferred to oxygen to generate water 

and complete the chain. This process is generally slower than glycolysis, however the yield 

of ATP is much higher. Due to the fast production of many biosynthetic intermediates, as 

well as quick turnover of energy, glycolysis is generally associated with rapidly proliferating 

cells [43] while the slower, longer process of oxidative phosphorylation is generally utilised 

in cells favouring longevity [43].  Engagement of cellular respiration by cells is controlled in 

a number of ways, including regulation through feedback mechanisms by enzymes and 

products involved in this process. The mammalian target of rapamycin (mTOR), as part of 
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the complex mTORC1, functions as a cellular energy and nutrient sensor, and controls 

protein synthesis and other cellular processes including anabolic pathways, like glycolysis. 

Activation of mTORC1 results in the induction of a number of glycolytic genes, including 

glucose transporter 1 (GLUT1), which transports glucose into the cell, and hexokinase 2 

(HK2), the enzyme crucial for the phosphorylation of glucose in the first step of glycolysis 

[47]. These glycolytic genes are activated by mTORC1 through activation of the 

transcription factor hypoxia-inducible factor 1 (HIF1a) [47].  

  

1.3.2 Fatty acid metabolism  

 

Fatty acids are the most important energy store in the body. They are essential for the 

formation of phospholipid bilayers for cell membranes, and also take part in cell signalling 

by acting as second messengers and hormones [48]. Fatty acid metabolism consists of the 

catabolic process of fatty acid oxidation (FAO), whereby fatty acids are broken down to 

release energy through β-oxidation, and the anabolic process of fatty acid synthesis (FAS), 

in which fatty acids are synthesised from acetyl-CoA, previously oxidised from pyruvate 

following glycolysis. FAO generates a number of intermediates, including acetyl-CoA, which 

can be fed into other pathways, for example the TCA cycle and oxidative phosphorylation. 

This can result in the generation of large amounts of energy for the cell. FAS is regulated 

by mTOR signalling. mTOR promotes FAS through activation of sterol regulatory element 

binding protein (SREBP), which activates the enzyme acetyl-CoA carboxylase (ACC). This 

results in the carboxylation of acetyl-CoA to malonyl Co-A. Malonyl Co-A becomes 

committed to FAS at this stage, and inhibits FAO through regulation of the enzyme 

carnitine palmitoyltransferase (CPT). This inhibition of FAO can be lifted through inhibition 

of FAS by 5' adenosine monophosphate-activated protein kinase (AMPK). Activation of 

AMPK inhibits FAS in two ways, first by directly inhibiting mTOR activation, and also 

through phosphorylation of ACC, resulting in its inhibition, leading to the indirect activation 

of FAO (Figure 1.3) [49].  
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Figure 1.3 Cellular respiration and fatty acid metabolism. 
Cells engage a range of metabolic pathways depending on their needs. Glucose is broken 
down by glycolysis to give pyruvate. Pyruvate can be exported from the cell as lactate 
under anaerobic conditions. In the presence of oxygen, pyruvate is converted to acetyl co-
A which enters the Krebs cycle. NADH from the Krebs cycle passes into the electron 
transport chain, completing oxidative phosphorylation and generating energy through a 
proton gradient. Acetyl co-A can also be broken down by ACC, a crucial enzyme involved in 
the fatty acid synthesis pathway, which is activated by mTORC1, which also controls 
protein synthesis. Inhibition of this pathway by AMPK results in activation of the fatty acid 
oxidation pathway by lifting the inhibition placed on the enzyme CPT1.  
 

1.3.3 Metabolism and immune cells 

 

In 1956, Otto Warburg first observed that some cancer cells were increasing glycolysis, 

despite the presence of oxygen [50]. This phenomenon has now been observed in other 

cell types, particularly immune cells. As previously mentioned, rapidly proliferating cells 

ramp up glycolysis as a method for a quick turnover of energy, as well as utilising it to 

synthesise many important intermediates needed for proliferation such as nucleotides or 

fatty acids for new cell membranes. This increased demand for fatty acids also results in 
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the upregulation of FAS. This particular metabolic profile is not only seen in proliferating 

cells, but in other cell types with similar energy demands, including activated immune cells. 

For example, activated DC and macrophages alter their effector functions upon 

maturation, as previously outlined, and this results in altered metabolic needs [51,52]. 

Many effector T cell subsets, including CD8+ T cells, Th1, Th2 and Th17 cells alter their 

metabolism in a similar manner [53]. Despite the TCA cycle and oxidative phosphorylation 

generally still remaining functional in these cell types, there is a shift towards glycolysis. In 

the case of pro-inflammatory M1 macrophages and activated DC, the TCA cycle does not 

appear to be intact which leads to the production of pro-inflammatory cytokines, including 

IL-1β [54–56]. This impaired TCA cycle results in the accumulation of citrate which can feed 

into the process of FAS. Increased FAS is crucial for the activation of M1 macrophages and 

DC and is elevated upon TLR stimulation in both cell types (Figure 1.4) [56,57]. On the other 

hand, FAO has been shown to be important in M2 macrophages, and in reducing the 

production of inflammatory cytokines by inflammatory macrophages (Figure 1.4) [58,59]. 

The balance of fatty acid metabolism is also of particular importance in T cell responses 

and function. Tregs exhibit increased levels of FAO and increased expression of the genes 

involved in this process, including CPT1A, while effector T cells downregulate FAO during 

activation (Figure 1.4) [60,61]. Furthermore, effector T cells, and in particular Th17 cells, 

exhibit increased FAS (Figure 1.4) [62]. This difference in T cell metabolism could be of 

particular importance for diseases in which the Th17/Treg balance is skewed, and will be 

discussed further in section 1.3.4.  
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Figure 1.4 Major metabolic pathways engaged in immune cells. 
Glycolysis converts glucose to pyruvate, which can be converted to lactate, and secreted 
from the cell, not progressing in any further metabolic pathways. Or pyruvate itself can 
enter the TCA cycle in the mitochondria, generating NADH and FADH2, feeding into the 
electron transport chain, completing cellular respiration, and generating ATP. Fatty acid 
oxidation also generates NADH and FADH2 to feed into this pathway. Citrate can also be 
removed from the TCA cycle to feed into fatty acid synthesis. Glycolysis can feed into the 
pentose phosphate pathway (PPP), while amino acid metabolism also feeds into the TCA 
cycle. Pathways shown in red are generally associated with activated and effector immune 
cells, while pathways shown in green are generally associated with naive, immature, or 
regulatory immune cells. Figure adapted from [43].  
 

1.3.4 Immunometabolism as a therapeutic target 

 

As discussed above, the metabolism of immune cells plays an important role in their 

activation status and/or effector function, therefore the manipulation of these pathways 

could potentially be used as a therapeutic approach to treat many diseases characterised 

by dysregulated inflammation. Indeed, some autoimmune diseases show specific 

alterations to the metabolism of the immune cells involved. For example, in SLE, T cells 

show persistent mitochondrial hyperpolarisation (an early step in T cell activation) as well 
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as ATP depletion [63]. In RA, CD4+ T cells show a reduced engagement of glycolysis with an 

increase in the amount of glucose passed into the pentose phosphate pathway [45]. 

Similarly, T cells from patients with MS exhibit dampened glycolysis and mitochondrial 

respiration, which is restored to levels comparable to healthy subjects upon treatment 

with IFN-β, a first line treatment for MS [64]. 

 

As mentioned earlier, Th17 cells (along with other effector T cell subsets) generally exhibit 

increased glycolysis and FAS, while Treg cells generally show increased TCA cycle, oxidative 

phosphorylation and FAO [53,62]. Effector T cells convert pyruvate to lactate, while Treg 

cells utilise the enzyme pyruvate dehydrogenase (PDH) to convert pyruvate to acetyl-CoA 

to continue further through the TCA cycle [61]. This is controlled by the enzyme pyruvate 

dehydrogenase kinase (PDHK), which inhibits PDH in effector T cells, thereby preventing 

them from converting pyruvate to acetyl-CoA [61]. Inhibition of PDHK overcomes this 

effect and could therefore be used as a potential therapy to skew the metabolic pathways 

engaged in T cells by enhancing processes associated with Treg cells [61]. This has shown 

promise in a number of animal models of disease, including experimental autoimmune 

encephalomyelitis (EAE) [61]. Similarly, blockade of mTOR activity in the EAE model results 

in increased Treg cells and an amelioration of disease progression [65]. Inhibition of ACC, 

a key enzyme involved in FAS downstream of mTOR, also increased Treg numbers while 

decreasing IL-17 and IFNg producing T cells in the EAE model [62]. This was accompanied 

by a reduction in disease pathology [62]. Inhibition of mTORC1 with rapamycin inhibits 

Th17 cells and promotes Tregs in patients with SLE [66]. Furthermore, metformin, a drug 

traditionally used to treat type II diabetes, is now showing potential as a treatment for 

autoimmune diseases by altering the metabolic state of immune cells. Metformin activates 

AMPK which in turn inhibits mTOR; this likely accounts for many of the metabolism-altering 

functions it carries out [67,68]. In the EAE model, metformin treatment was shown to 

decrease pro-inflammatory cytokines, increase Tregs numbers and slow disease 

progression [69]. Th17-mediated inflammation was also reduced by metformin treatment 

in animal models of rheumatoid arthritis and colitis, and again, effects were dependent on 

AMPK and mTOR signalling [70,71]. These studies indicate that drugs which alter the 

metabolic pathways engaged by immune cells may show therapeutic potential for 

autoimmune diseases.  
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1.4 Autophagy 

 

Autophagy, derived from Greek, meaning self-eating, or devouring, is an essential, 

naturally occurring cellular mechanism, which allows the removal or recycling of cellular 

components if they are dysfunctional, no longer needed, or their breakdown is required to 

generate energy [72]. Autophagy is highly important for the removal of damaged 

organelles or misfolded proteins, and any defects in this process can result in disease or 

other inflammatory conditions [72,73]. There are 3 main forms of autophagy; 

macroautophagy, microautophagy and chaperone mediated autophagy [72]. 

Macroautophagy is the main autophagic pathway, in which components in the cytoplasm 

are targeted and engulfed by a double membrane vesicle and fused with a lysosome for 

degradation [72]. For the purpose of this thesis from here on ‘autophagy’ will refer to 

macroautophagy. The process of autophagy can be broken into 4 main stages: induction & 

initiation, elongation, maturation and lysosomal fusion [72]. Autophagy is carried out by a 

number of autophagy-related (Atg) genes, and initiation is under the control of the 

previously mentioned protein kinases mTOR and AMPK, therefore is intrinsically liked to a 

cell’s metabolism (Figure 1.5) [72,74]. Most cells exhibit an ‘autophagic flux’, where 

autophagy is functioning at basal levels, however, the process can also be ramped up when 

the cell requires it [72,74]. Generally, under homeostatic conditions, mTOR inhibits 

autophagy through phosphorylation of the ULK kinases [74,75]. However, under conditions 

of stress or starvation, AMPK inhibits mTOR and activates ULK1, further activating Beclin-

1, leading to the initiation of the autophagic process [74,75]. These activated complexes 

re-localise to the phagophore, which is the early autophagosome. The phagophore can 

then be elongated by a range of Atg proteins, to form the autophagosome [74,75]. This 

complex of Atg proteins also lipidates LC3-I, the cytosolic form, to LC3-II, which binds to 

the surface of the autophagosome, and further encourages its elongation (Figure 1.5) 

[74,75]. LC3-II bound to the autophagosome membrane allows the docking of cargos and 

proteins for degradation, through their binding to p62 [76]. The autophagosome fully 

matures and encloses, before trafficking to a lysosome and fusing, to form the 

autolysosome in which the contents can be degraded and recycled (Figure 1.5) [72,74].   
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Figure 1.5 The degradation of cellular products through autophagy. 
Autophagy is inhibited by mTOR and activated by AMPK under conditions of stress or 
starvation. Activation of autophagy leads to the formation of a phagophore, which can be 
elongated and finally fully enclose to form the autophagosome, around the proteins or 
organelles targeted for degradation. LC3-II is found both bound to the surface, and within, 
the autophagosome. The autophagosome then binds with the lysosome to form the 
autolysosome, resulting in the degradation and recycling of the contents. 
 

1.4.1 Autophagy in immunity & disease 

 

Autophagy plays a number of key roles in the immune system, particularly in the innate 

immune response, with autophagy capable of inducing or suppressing immune responses, 

and vice versa [73,77]. A form of autophagy, termed xenophagy, involves the selective 

degradation of intracellular proteins to defend the host [73,77]. However, some 

pathogens, in particular mycobacterium tuberculosis, have evolved mechanisms to subvert 

this host defence mechanism and persist unharmed [78,79]. Autophagy is of particular 

importance for DC, as many of their key functions, including antigen uptake and 

presentation, are tightly associated with autophagy [80]. Despite some conflicting reports, 

generally it appears that autophagy induction results in a more tolerogenic DC phenotype, 

with reduced antigen presentation and maturation [80]. One of the key effects autophagy 
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has on the immune system is the inhibition of the inflammasome, particularly in DC and 

macrophages. Autophagy deficient cells have increased IL-1b and IL-18 production, two 

cytokines matured by the inflammasome, while autophagy induction has been shown to 

inhibit IL-1b production by targeting its pro form for degradation [81–83]. This inhibition 

of IL-1b production by autophagy has also been shown to regulate IL-23 production by DC 

and macrophages [84]. Autophagy inhibition has been shown to increase IL-23 production 

in these cells in a IL-1 regulated manner [84]. Furthermore these autophagy-deficient cells 

were capable of inducing increased secretion of pro-inflammatory cytokines by gd T cells 

[84]. Given that IL-1b and IL-23 are highly inflammatory cytokines, important for the 

differentiation of Th17 cells, and the development of a number of autoimmune and 

inflammatory diseases, along with its other effects on the immune system, it is no surprise 

that defects in autophagy have been linked to a number of these diseases.  

 

The strongest link between autophagy defects and an autoimmune disease is the 

relationship between a number of single nucleotide polymorphisms (SNPs) in autophagy 

genes and CD. Many SNPs in autophagy related genes, including ATG16L1, NOD2, IRGM, 

ULK1, IL-23R, and the vitamin D receptor, have all shown susceptibility to CD, however it is 

unclear what effects, and to what degree, they all have in the pathogenesis of the disease 

[85]. In 2007, the first study demonstrated a relationship between autophagy and CD, 

linking a SNP in the autophagy related gene ATG16L1 [86]. NOD2, a PRR, works closely with 

ATG16L1 to clear bacteria and maintain intestinal homeostasis [85]. It is thought that SNPs 

in these genes results in increased inflammasome activation, as previously discussed, and 

impaired xenophagy, potentially leading to dysbiosis in the gut, commonly seen in CD [87–

89]. Similarly, SNPs in autophagy related genes, particularly deficiency in ATG5, have also 

been attributed to SLE susceptibility [90,91]. Conversely, in MS it appears that upregulated 

ATG5 results in intensified autophagy, leading to pathogenic inflammation [92]. It is clear 

that dysfunctional autophagy has a complex, interlinked relationship with immunity and 

inflammation, and plays a role in the development of a number of diseases. Therefore, it 

is a strong candidate target for the treatment of these diseases, and despite little current 

research underway in this field, it won’t be surprising when it emerges as a therapeutic 

contender in the near future.  
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1.5 The Heme Oxygenase system 

 

Heme is an iron-containing porphyrin that is a component of many biologically important 

proteins. These include hemoglobin and myoglobin, which are used to carry oxygen in red 

blood cells (RBCs) and muscle cells respectively; cytochromes, which facilitate electron 

transport during oxidative respiration, redox and drug metabolism; and enzymes such as 

catalases and heme peroxidases, which are involved in a range of critical cellular functions 

[93]. However, despite its ubiquitous nature within cellular proteins, free heme is highly 

cytotoxic and must be rapidly metabolised to avoid cell damage through oxidative stress 

[94,95]. Heme oxygenase enzymes catalyse the first, rate limiting, step of heme 

degradation, using NADPH-cytochrome p450 reductase and oxygen to generate equimolar 

amounts of the linear tetrapyrrole biliverdin, ferrous iron (Fe2+) and carbon monoxide (CO) 

[96]. Biliverdin is subsequently converted to the linear tetrapyrrole, bilirubin, by the 

enzyme biliverdin reductase [97,98] (Figure 1.6).  
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Figure 1.6 Heme oxygenase and heme catabolism. 
Heme degradation occurs in the cytosol of the cell, where heme is catabolised by heme 
oxygenase (HO-1 or HO-2). This reaction requires cytochrome P450 reductase as a cofactor 
to metabolise NADPH and O2, leading to the production of NADP+ and H2O. Breakdown of 
heme results in the generation of equimolar amounts of biliverdin, carbon monoxide and 
ferrous iron (Fe2+), which is rapidly exported from the cell via ferroportin 1 (FPN1) or 
sequestered into ferritin for storage. Biliverdin can be subsequently converted into 
bilirubin by the enzyme biliverdin reductase (BVR). 
 

1.5.1 Heme oxygenase 1 

 

Two functional isoforms of heme oxygenase exist in mammalian cells; heme oxygenase 1 

(HO-1) and HO-2. HO-2 is constitutively expressed within certain tissues including the brain, 

testis, cardiovasculature and liver, where it contributes to homeostatic iron and redox 

metabolism, and cellular messaging (via CO) [99–102]. In contrast, HO-1 is a stress-

inducible isozyme encoded by the gene HMOX1 in humans [103]. Under homeostatic 

conditions, HO-1 expression is low or absent in most cells and tissues, with some 
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exceptions including iron-recycling macrophages in the spleen and liver, and certain 

tolerogenic immune cells, which display constitutive expression of HO-1 [104]. However, 

HO-1 is highly upregulated by most cells in response to a vast number of stress stimuli, 

including various pro-oxidants and pro-inflammatory mediators [105–107]. Given its 

protective antioxidant and anti-inflammatory properties, understanding how HO-1 

expression is controlled under different circumstances and in different cell types has been 

the subject of considerable research. The multi-factorial regulation of HO-1 provides 

important context to its functions in immune cells and in inflammatory disease, and several 

therapies are under investigation to target the HO-1 system.  

  

Expression of HO-1 is largely under the control of the redox-sensitive transcription factor 

nuclear factor erythroid 2-related factor 2 (Nrf2), which binds to the antioxidant response 

element (ARE) in the promoter region of many antioxidant genes, including HMOX1 [108]. 

Under steady-state conditions, Nrf2 is bound to the protein KEAP1 (Kelch-like ECH-

associated protein 1) in the cytoplasm; this suppresses Nrf2 activity by facilitating the 

ubiquitination and subsequent degradation of Nrf2 by the proteasome [108]. However, in 

the presence of oxidants, reactive oxygen species (ROS), and other Nrf2 activators, cysteine 

residues within KEAP1 are modified resulting in the release, and consequent stabilisation, 

of Nrf2 [109,110]. Nrf2 can then migrate to the nucleus where it forms heterodimers with 

small MAF proteins (SMAFs) to bind AREs and promote expression of antioxidant genes 

(Figure 1.7) [108]. BACH1, a transcriptional repressor and heme sensor, also forms 

heterodimers with SMAFs and regulates HO-1 expression by competing with Nrf2 for the 

ARE binding site on the HMOX1 promoter [111]. Binding of free heme to BACH1 causes it 

to dissociate from the ARE, after which it is exported from the nucleus, ubiquitinated and 

degraded, allowing HMOX1 transcription to occur [112,113]. Together, Nrf2, KEAP1 and 

BACH1 comprise an intricate feedback system, which enables cells to respond to oxidative 

stress and increased levels of cytotoxic heme through upregulation of HO-1. However, it is 

important to note that other genes involved in antioxidant and anti-inflammatory 

responses that are independent of HO-1 are also regulated by Nrf2 and heme (via both 

BACH1-dependent and BACH1-independent mechanisms) [114–116]. Therefore, care must 

be taken when interpreting the role of HO-1 in situations where the presence or activity of 

these transcriptional regulators is altered. 
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Figure 1.7 Nrf2 signalling pathway. 
Nrf2 is bound to KEAP1 in the cytosol, where it is targeted for ubiquitination and 
degradation under homeostatic conditions. Under conditions of oxidative stress or 
inflammation it is released from KEAP1, where it can translocate to the nucleus and bind 
to the ARE in complex with Maf proteins, promoting the transcription of antioxidant genes, 
including HO-1 and NQO1.  
 

Although Nrf2 and BACH1 are the primary regulators of HO-1, other transcription factors 

have also been described to modulate HO-1 expression, such as HIF-1α and various SMAF 

dimers [108,117,118]. With particular relevance to immune cells, binding sites for the pro-

inflammatory transcription factors NF-κB and AP-1 have been identified within the HMOX1 

promoter [119]. Furthermore, some instances of HO-1 upregulation in vitro have been 

shown to be dependent on, or correlated with, NF-κB or AP-1 expression (reviewed in Ref. 

[120]). HO-1 may therefore be upregulated during inflammation to protect against 

potential deleterious effects of ROS and pro-inflammatory cytokines, and to provide 

negative feedback during induction of inflammatory responses. In addition to direct 

regulation by transcription factors, emerging evidence suggests a role for epigenetic 
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regulation of HO-1 expression [121–123], as well as post-transcriptional regulation by 

alternative-splicing and miRNAs [124,125]: while poorly understood at present, these 

indirect regulatory mechanisms represent interesting avenues to explore when 

considering targeting HO-1 expression.  

 

While there appear to be multiple transcriptional regulators of HO-1 expression, many HO-

1 inducers do not interact with transcription factors directly, but instead activate them via 

intermediate signalling pathways. Protein kinase pathways associated with responses to 

cellular stress have been implicated in the regulation of HO-1 expression. For example, the 

mitogen activated protein kinases (MAPKs) ERK, JNK, and p38 have all been reported to 

regulate HO-1 expression in different cell types and conditions; however, p38 appears to 

be the most common MAPK involved in HO-1 upregulation [120]. The phosphatidylinositol-

3 kinase (PI3K)–AKT pathway can also regulate HO-1 expression in response to cytokines 

and prostaglandins as well as some alternative HO-1 inducers [126–128]. For example, the 

upregulation of HO-1 by the cytokine IL-10 is thought to be achieved via activation of PI3K 

and STAT3 [129,130]. Finally, the cellular energy sensor AMPK has recently been identified 

as a modulator of HO-1 expression, and is responsible for the upregulation of HO-1 by 

many metabolic regulators and HO-1 inducers [131–134]. The mechanism by which AMPK 

upregulates HO-1 appears to involve cross-talk between AMPK, its downstream effectors, 

and Nrf2 [132,133,135–137]. In summary, induction of HO-1 is a general adaptive 

mechanism by cells to protect against damage under stress conditions, and HO-1 

upregulation can be achieved through activation of multiple different regulatory 

mechanisms. While this adaption is most clearly indicated during oxidative stress, it has 

also evolved as a component of metabolic and immune signalling, with particular relevance 

for immunomodulation of certain immune cells.  

 

The HO-1 system also has important anti-inflammatory properties [130,138,139]. These 

are exemplified by the rare HO-1 deficiencies seen in humans and by HO-1-deficient animal 

models, which in addition to showing increased sensitivity to oxidative stress, are 

characterised by high levels of chronic inflammation [140–142]. Two rare cases of HO-

deficient humans exhibited systemic inflammation with leukocytosis, as well as increased 

levels of C-reactive protein and IL-6 [141,143]. LPS stimulation of splenocytes from HO-1 
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knockout mice resulted in increased secretion of IL-1, IL-6 and TNF, compared to cells from 

wild type mice [142]. Similarly, increased levels of IFNg, IL-6 and IL-12 were secreted from 

HO-1-/- splenocytes upon stimulation with anti-CD3/CD28 [142]. HO-1 knockout mice were 

also more vulnerable upon challenge with LPS compared to wild type mice [140]. The anti-

inflammatory properties of HO-1 have been attributed to the HO-1 reaction products, CO 

and the linear tetrapyrroles, biliverdin and bilirubin. CO binds strongly to hemoglobin and 

reduces its ability to carry oxygen, therefore it is regarded as highly toxic. However, this 

only occurs at high concentrations, while at low concentrations its functions as both a 

cellular messenger and an anti-inflammatory agent. CO treatment has been shown to 

inhibit pro-inflammatory cytokine production in LPS-stimulated murine macrophages, 

while at the same time, increasing anti-inflammatory IL-10 production [144–146]. CO has 

also been shown to inhibit DC maturation and antigen presentation to T cells [147–149]. In 

vivo studies (e.g. EAE and colitis models) have also examined the effects of CO 

administration and, in each case, therapeutic levels of CO improved disease outcomes 

[150–153]. Indeed, CO itself has been shown to induce HO expression, as have CO releasing 

molecules (CORMs), such as tricarbonyldichlororuthenium (II) dimer, and 

tricarbonylchloro(glycinato)ruthenium (II) [154–157].  

 

Similar to CO, bilirubin is toxic at high concentrations and must undergo glucuronidation 

by the enzyme glucuronyltransferase prior to excretion as accumulation can otherwise lead 

to jaundice (a delay in expression of glucuronyltransferase is often seen in pre-mature 

infants [158]). Non-toxic concentrations of bilirubin are reported to have many anti-

inflammatory properties. It has been shown to inhibit inducible nitric oxide synthase (iNOS) 

expression and TNF production in LPS-treated rats, as well as in LPS-stimulated RAW 264.7 

murine macrophages [159,160]. In the DSS-colitis model, bilirubin administration was 

shown to suppress vascular cell adhesion molecule-1 (VCAM-1)-dependent cell signalling 

which resulted in reduced migration of leukocytes to their target tissue and a subsequent 

reduction in inflammation of the colon [161]. Similarly, biliverdin administration has been 

reported to ameliorate chronic inflammation observed in HO-2 knockout mice [162,163]. 

Biliverdin has also been shown to reduce pro-inflammatory cytokine production, including 

IL-1, IL-6 and TNF, in a number of murine studies  [164,165].  
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1.5.2 Beneficial role of HO-1 in disease 

 

Given the anti-inflammatory properties of the HO-1 system, induction of the enzyme is 

considered a promising therapy for a number of autoimmune and inflammatory diseases. 

Evidence supporting the therapeutic potential of HO-1 has come from numerous disease 

models, some of which will be discussed in the following sections.  

 

1.5.2.1 Inflammatory bowel disease 

 

IBD is a term used to describe two conditions: Ulcerative Colitis (UC) and Crohn’s disease 

(CD). It affects approximately 2.2 million individuals in Europe and approximately 20,000 

people in Ireland [166]. Both UC and CD are characterised by chronic relapsing 

inflammation of the gastrointestinal tract. Patients with IBD also have increased risk of 

developing colorectal cancer when compared to the general population and are pre-

disposed to other inflammatory diseases such as psoriasis [167]. The exact cause of IBD is 

unknown, however there are many risk factors which contribute to the development of 

this condition, including host genetics, the environment and gut microbiota [168]. As the 

main aetiology of the disease is dysregulated/overactive immune responses, patients are 

treated largely with anti-inflammatories including 5-aminosalicylic acid (5-ASA), 

corticosteroids, methotrexate and anti-TNF therapies [169]. However, many patients 

are/become refractory to these treatments and will require surgery in their lifetime  [169]. 

Therefore, similar to many other autoimmune diseases, there is a need for new anti-

inflammatory therapies with better efficacy, tolerability, and fewer side-effects. 

 

Under homeostatic conditions, HO-1 is weakly expressed in the gastrointestinal tract. 

However, increased HO-1 expression has been observed in both inflammatory cells and 

intestinal epithelial cells from patients with IBD [170,171]. In murine models of colitis, 

increased levels of HO-1 have been observed in inflamed colonic tissue, particularly in 

endothelial cells, macrophages, and neutrophils, and it has been proposed that these cells 

may increase HO-1 expression to control inflammation and oxidative stress [172–174]. In 

support of this hypothesis, inhibition of HO activity results in increased damage to the 



 26 

colon in the TNBS-colitis model [173], and elevated levels of pro-inflammatory cytokines in 

the DSS-colitis model [174]. Furthermore, administration of low concentrations of CO 

alleviates colitis symptoms in mouse models through upregulation of HO-1 expression 

[152,153]. Bilirubin has also been reported to attenuate symptoms of colitis in multiple 

models, through limiting leukocyte trafficking and pro-inflammatory cytokine production, 

and promoting IL-10 signalling [161,175,176]. HO-1 induction via hemin in the DSS-colitis 

model was correlated with an inhibition of Th17 cell responses, and promotion of Treg cell 

numbers and function [177]. Hemin administration has also recently been reported to 

attenuate colitis symptoms by reducing the number of pro-inflammatory myeloid-derived 

cells, such as M1 macrophages, and increasing anti-inflammatory M2 macrophages in 

colon tissue [178]. Furthermore, administration of the HO-1 inducer cobalt protoporphyrin 

IX (CoPP) prior to initiation of DSS-colitis has been reported to reduce apoptosis of colonic 

epithelial cells and decrease colonic inflammation [171]. Interestingly 5-ASA, an anti-

inflammatory drug used as a first-line treatment for IBD, may attribute its mechanism of 

action, in part, to upregulation of HO-1 [179,180]. Together, this evidence provides a strong 

basis for HO-1 induction as a potential therapy for IBD; however, further clinical 

investigation is necessary. 

 

1.5.2.2 Psoriasis 

 

Psoriasis is an autoimmune, inflammatory disease, which is characterised by areas of 

inflamed, scaly skin at any location across the body. Patients with psoriasis have increased 

risk of other inflammatory diseases, including psoriatic arthritis and IBD [181,182]. The 

exact cause of psoriasis is unknown; however, like IBD, there is a strong genetic component 

[183,184]. The psoriatic lesions which appear on the skin are due to aberrant proliferation 

of keratinocytes which occurs in response to inflammatory factors secreted by immune 

cells, including DC, macrophages, and T cells. There is no cure for psoriasis and instead 

treatments are focused on controlling disease symptoms. They include topical creams, or, 

similar to IBD, medications to suppress overactive immune responses [185,186]. 

 

The skin is constantly exposed to environmental stressors such as UV radiation, requiring 

it to have access to a robust suite of antioxidant and anti-inflammatory mediators, 
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including both HO-1 and HO-2, to protect itself from cellular damage [187]. In psoriasis, 

HO-1 appears to play a central role in the protection of skin from chronic inflammation: 

upregulation of HO-1 has been observed in psoriatic plaques, and increased levels of HO-1 

have been detected in the patient sera compared to controls [188,189]. Furthermore, 

upregulation of HO-1 has been demonstrated to inhibit skin inflammation and keratinocyte 

proliferation in preclinical models of psoriasis. In two different rodent models, 

upregulation of HO-1 via CoPP was associated with improvements in skin lesions and 

reduced inflammation; Listopad et al. reported a decrease in T cell-mediated skin 

inflammation which was accompanied by increased HO-1 activity in APC, while Ma et al. 

observed a reduction in TNF and an increase in IL-10 expression, which were reversible 

with HO-1 inhibition [190,191]. Similarly, topical application of hemin in the imiquimod-

induced psoriasis model resulted in increased expression of HO-1 and a concomitant 

decrease in the severity of psoriatic lesions, attributed to negative regulation of STAT3 

signalling by HO-1 [192]. Interestingly, induction of HO-1 is also associated with existing 

treatments for psoriasis. For example, phototherapy involving exposure to UVA radiation 

upregulates HO-1 expression in skin [187,193]. Dimethyl fumarate (DMF), an 

immunosuppressant used to treat both psoriasis and MS, has also been reported to act in 

part through HO-1 induction [194–198]. Whether HO-1 activity is required for the efficacy 

of these therapies remains unclear, however, these studies provide further support for the 

modulation of HO-1 expression as a potential treatment for psoriasis. 

 

1.5.2.3 Multiple Sclerosis 

 

MS is an autoimmune disease in which the myelin sheaths surrounding neurons in the 

central nervous system (CNS) become damaged and destroyed. This damage results in 

altered communication along these nerves, which can lead to impaired  coordination and 

muscle weakness [199]. MS is usually characterised as relapsing-remitting MS which may, 

or may not, lead to secondary progressive MS. Similar to most autoimmune diseases, the 

initial trigger(s) is not known; however, evidence would suggest that the disease is linked 

to a combination of genetic and environmental factors [199]. Treatments include IFN-β, 

immunomodulators including DMF and fingolimod, and a number of biologics, such as 
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natalizumab [200]. However, many patients become refractory to these treatments and/or 

suffer undesirable side effects which can make patient compliance unpredictable [200]. 

 

HO-1 and its products have been shown to have protective effects in MS and its mouse 

model, EAE [201,202]. HO-1 expression is reduced in the peripheral blood mononuclear 

cells (PBMCs) of patients with MS compared to controls, and is further downregulated in 

patients experiencing disease relapse compared to those with stable disease or receiving 

corticosteroid treatment [203]. Furthermore, HO-1 upregulation has been observed in glial 

cells within MS plaques, likely as a local response to neuroinflammation [204]. In an EAE 

model, HO-1-deficient mice presented with a more severe disease phenotype when 

compared to wild-type mice, and induction of HO-1 resulted in reduced disease scores and 

a reduction in inflammatory T cell infiltration into the CNS [202]. Induction of HO-1 during 

EAE has also been reported to reduce production of pro-inflammatory cytokines and to 

increase production of IL-10 [205]. Furthermore, CO has been demonstrated to improve 

disease outcomes in EAE, while biliverdin reductase and bilirubin suppressed EAE onset 

and progression [202,206–208]. While research in this area is still in early stages, these 

studies indicate that therapies modulating the HO-1 system may be beneficial as a novel 

treatment strategy for MS. 

 

1.5.2.4 Organ transplantation 

 

Oxidative damage and ischaemic stress are of major concern during organ transplantation, 

as they can negatively impact on the health and survival of grafted tissue [209]. 

Furthermore, ongoing suppression of the host immune response is necessary to prevent 

graft rejection [210]. HO-1 and its products are all under investigation as protective agents 

during transplantation, due to their recognised antioxidant and anti-inflammatory 

properties. Biliverdin administration has been found to be particularly efficacious against 

ischaemia–reperfusion injury (IRI) in animal models of small bowel [211], liver [212], lung 

[213] and heart transplant [214]. Furthermore, CO administration during models of organ 

transplantation has been shown to limit IRI to donor organs and suppress graft rejection 

(reviewed in [215]). Dual treatment with both biliverdin and CO displayed increased 

efficacy compared to either treatment alone in animal models of lung transplant [216], or 
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heart and kidney transplant [217]. Furthermore, HO-1 induction displayed protection 

during transplantation of pancreatic islets for treatment of type 1 diabetes, improving the 

survival, function and number of effectively transplanted islets [218,219]. As well as 

providing graft protection during transplant, Nrf2 activation and/or HO-1 induction have 

been reported to increase long-term host survival rates in a murine model of graft versus 

host disease [220], and attenuate chronic rejection following transplantation [221–223]. 

Furthermore, a HMOX1 polymorphism resulting in higher HO-1 expression results in better 

survival rates for patients undergoing bone marrow transplants [224].  

 

In summary, HO-1 and its products have been demonstrated to protect against harmful 

inflammation in numerous preclinical disease models. This compelling evidence supports 

HO-1 as a viable therapeutic target for the treatment of chronic inflammation. However, 

clinical implementation of this treatment strategy faces further challenges, discussed in 

the next section.  

 

1.5.3 Therapeutic modulation of HO-1 

 

Despite the body of evidence supporting modulation of the HO-1 system as a treatment 

for diseases characterised by damaging inflammation or oxidative stress, clinical 

implementation of HO-1 based therapies faces numerous challenges [225,226]. Therefore, 

there is a great need to identify safer and better tolerated alternatives to currently 

available sources of HO-1 inducers and reaction products. Some of the most promising 

candidates are highlighted in the following sections.   

 

1.5.3.1 Phytochemicals 

 

Many plant-derived compounds (phytochemicals) are commonly used as dietary and 

health supplements, and have been extensively studied as antioxidant and anti-

inflammatory agents [227]. Some examples include resveratrol, quercetin, carnosol and 

curcumin. Due to their natural occurrence and regular consumption, indicating low toxicity, 

many are being explored as potential disease-modifying drugs, and a number have been 
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reported to upregulate HO-1 [127,228–231]. Despite the considerable number of 

preclinical studies which support the use of phytochemicals as anti-inflammatories and 

alternative HO-1 inducers, much of this research is limited in its applicability to human 

disease. For example, many phytochemicals have poor oral bioavailability, and/or are 

digested and metabolised into different conjugates prior to reaching systemic circulation 

[232]. Moreover, they are frequently studied at supra-physiological concentrations far in 

excess of those achievable by dietary consumption [232,233]. It is therefore clear that 

consideration of bioavailability, route of administration, and effective dosages, as well as 

further human studies, are necessary before phytochemical HO-1 inducers can be 

translated to the clinic. 

 

1.5.3.2 Existing drugs 

 

Certain existing drugs used to treat inflammation have been reported to activate Nrf2 

and/or upregulate HO-1. As previously mentioned, DMF, a drug licensed for treatment of 

psoriasis and MS, may partially attribute its efficacy to activation of Nrf2 and induction of 

HO-1 [194–198]. DMF treatment has also shown promise in a colitis model, in which it 

attenuated disease symptoms and reduced pro-inflammatory markers through Nrf2 

activation [234]. Similarly, 5-ASA, the aforementioned first-line therapy for IBD, may also 

count HO-1 upregulation as part of its mechanism of action [179,180]. Administration of 5-

ASA in the TNBS-model increased colonic heme oxygenase activity and HO-1 expression, 

and reduced colonic inflammation, while inhibition of HO-1 abolished its anti-colitic effect 

[179]. Interestingly, 5-ASA and its prodrug sulfasalazine only activated Nrf2 and HO-1 when 

gut inflammation was present, which was attributed to the oxidation requirement of the 

drug [180]. 5-aminolevulinic acid (5-ALA) is a heme precursor typically used in the diagnosis 

and treatment of cancer, and a recent study reported that HO-1 induction may partially 

contribute to its therapeutic mechanism [235]. Nrf2 activation and HO-1 upregulation by 

5-ALA has also shown therapeutic potential for prolonging graft survival and treatment of 

RA [236,237]. Interestingly, in a murine model of IBD, dihydroartemisinin (DHA), a drug 

typically used to treat malaria, ameliorated disease symptoms by decreasing the number 
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of inflammatory CD4+ T cells through HO-1 induction [238]. These drugs could therefore be 

suitable for use as HO-1 inducers due to their existing regulatory approval and safety data. 

 

1.5.3.3 Carbon monoxide-based therapies 

 

CO releasing molecules (CORMs) are CO-carrier compounds designed to deliver controlled-

release of CO to target tissues, as an alternative to CO gas inhalation. Interestingly, two 

CORM candidates, CORM-A1 and CORM3, have been reported to upregulate HO-1 and 

provide protection in various models of inflammation [239–242]. This method of CO 

administration may therefore allow for safer therapeutic use of CO, particularly as CORMs 

do not alter levels of CO-bound hemoglobin, overcoming the risk of CO poisoning 

associated with gas inhalation [243]. However, further research is required before 

progressing the use of CORMs to clinical settings, particularly regarding the toxicity 

associated with the backbone carrier moiety of these compounds, which typically contains 

a heavy metal, as well as determining a safe dose that will produce an effective 

concentration in specific tissues [244]. Hybrid CO-releasing molecules (HYCOs) are an 

interesting class of novel CO-based therapies, synthesised by conjugation of a CORM with 

an Nrf2-inducing factor, for example CORM-401 combined with analogues of DMF. These 

compounds have the dual benefit of releasing CO for initial, rapid action, followed by 

longer-lasting protection produced by activation of Nrf2 [245,246]. Examples of these 

compounds have been confirmed to activate Nrf2 and upregulate HO-1 in different cells 

and tissues, and to reduce inflammation in LPS-challenged mice and in models of psoriasis 

and MS [245,246]. However, similar to their parent compounds, HYCOs face challenges 

regarding their toxicity due to the presence of metals in their structures.  

 

1.5.3.4 Novel inducers 

 

Recently, there has been interest in identifying novel HO-1 inducers that may show 

potential as anti-inflammatory therapies. Itaconate, an endogenous metabolite, has been 

reported to activate Nrf2 through modification of cysteine residues on KEAP1, inducing 

downstream HO-1 expression and reducing inflammation in both murine and human 
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immune cells [247]. Itaconate also ameliorated disease severity in a murine model of 

psoriasis, and limited pro-inflammatory cytokine production via Nrf2 activation in samples 

from patients with SLE [248,249]. Another novel Nrf2 activator, KI-696, has shown 

therapeutic potential for chronic obstructive pulmonary disease (COPD). This compound 

specifically inhibits the KEAP1–Nrf2 interaction, leading to activation of Nrf2 and 

upregulation of Nrf2-regulated genes, including HO-1 [250]. KI-696 has shown therapeutic 

potential to treat COPD by reducing the number of inflammatory cells in the 

bronchoalveolar lavage fluid of ozone-exposed mice, used as a model of respiratory 

disease, as well as increasing the phagocytic capacity of lung macrophages in patients with 

COPD [251]. Finally, aromatic ketoacids secreted by the parasite Trypanosoma brucei have 

recently been reported to induce HO-1 via Nrf2 activation and are discussed in further 

detail below.  

 

1.5.3.5 Trypanosome-derived ketoacids 

 

Infection of the mammalian vasculature and central nervous system (CNS) with the 

extracellular protozoan parasite Trypanosoma brucei (T. brucei) can lead to fatal human 

sleeping sickness, also known as African trypanosomiasis. Like most parasites, 

trypanosomes are continuously challenged by the host-immune system, however, they 

have evolved very effective evasion strategies in order to maintain infection and prolong 

the host’s survival [252]. An infection with T. brucei is accompanied by the excretion of 

high levels of ketoacids into the host’s bloodstream [253,254], a phenomenon that was, 

until recently, largely unexplained. The ketoacids are derived from the conversion of 

aromatic amino acids (tryptophan, tyrosine, and phenylalanine) to indole pyruvate (IP), 

hydroxyphenylpyruvate (HPP), and phenyl pyruvate (PP) (Figure 1.8), through the action of 

a cytoplasmic aspartate aminotransferase (TbcASAT), which is expressed by the parasite. 
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Figure 1.8 Chemical structures of the aromatic ketoacids indole pyruvate, phenyl 
pyruvate and hydroxyphenyl pyruvate, secreted by T. Brucei. 
 

In recent years, it has been demonstrated that these molecules have potent 

immunomodulatory properties, which likely contribute to the suppression of host immune 

responses, but that may also be exploited for potential therapeutic benefit [255–259]. For 

example, our laboratory has demonstrated IP and HPP are potent inducers of HO-1 in 

murine glia and macrophages [256]. This occurs in a Nrf2 dependent manner and leads to 

a reduction in LPS-induced pro-inflammatory cytokines and innate immune cell 

maturation. In addition to HO-1 induction, T. brucei-derived ketoacids are also capable of 

inhibiting HIF-1α–induced pro-IL-1β expression, as well as prostaglandin production, an 

effect which was shown to be dependent on the activation of the aryl hydrocarbon 

receptor (AHR) [255,259]. The immunomodulatory effects of IP and HPP have also been 

confirmed in animal models of disease. In a murine model of skin damage caused by 

exposure to ultraviolet B radiation, administration of IP resulted in a reduction in damage 

lesions and expression of the pro-inflammatory cytokines, IL-1β and IL-6 [257]. 

Furthermore, IP administration reduced disease severity in the DSS colitis model, and this 

was accompanied by a decrease in the expression of pro-inflammatory cytokines IL-12, 

TNF, IFNg, and IL-1β, and an increase in the expression of the anti-inflammatory cytokine 

IL-10 [258]. A reduction in Th1 cells, as well as a reduced capacity for DC to activate T cells, 

was also observed [258].  
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1.5.3.6 Limitations of HO-1 based therapies 

 

Despite the large amount of evidence presented in support of HO-1 as a promising 

candidate to treat inflammatory diseases, there remain many limitations to its application 

that need to be overcome. The majority of studies examining the role of HO-1 in disease 

have used metalloporphyrins, Hmox1-/- animals, or gene silencing to modify HO-1 

expression and determine HO-1-specific efficacy. However, these methodologies are not 

suitable for use in humans, making the findings of these studies difficult to translate to the 

clinic. These methods can also produce off-target effects, for example, metalloporphyrins 

can inhibit other important signalling molecules, and simultaneously increase HO-1 

expression while inhibiting its enzymatic activity [225,226]. Some HO-1 inducers may not 

appear to attribute their immunomodulatory effects to HO-1, however these associations 

can be difficult to test experimentally; for example, the weak enzymatic inhibitors available 

for HO-1 may be overwhelmed by particularly strong inducers, while use of Hmox1-/- mice 

is often limited by breeding difficulties associated with this particular strain [226]. Many 

studies have therefore turned to Nrf2 inhibitors or knockout mice as an alternative, but it 

is then difficult to parse HO-1-specific effects given the wide range of antioxidant and 

cytoprotective genes regulated by Nrf2. Finally, as mentioned earlier, many HO-1-based 

therapeutics under investigation have associated toxicity or bioavailability concerns, while 

HO-1 induction itself can prove detrimental in situations where inflammation is beneficial, 

potentially putting patients at increased risk of infection or cancer [260–262]. All of these 

factors must be considered for successful translation of potential HO-1-based therapeutics 

to the clinic.  



 35 

1.6 Research question 

 

Research in recent years has provided ample evidence supporting HO-1 induction as a 

potential therapy to treat autoimmune and inflammatory conditions. However, as 

mentioned above, there are many limitations surrounding the use of currently available 

HO-1 inducers. Therefore, there is a solid rationale to identify novel HO-1 inducers which 

may be of beneficial use in the clinic, either alone or in combination with existing 

therapeutics. Given their immunosuppressive properties, aromatic ketoacids such as those 

produced during T.brucei infection represent a promising class of such compounds. 

However, to date, they have been studied primarily in murine immune cells, with very little 

evidence to support their mechanism of action in human immune cells. Therefore, the goal 

of this study is to investigate the immunomodulatory properties of the T. brucei-derived 

ketoacids, IP and HPP, in primary human immune cells and to further examine their 

potential as a therapy for autoimmune/inflammatory disease. 

 

1.6.1 Specific aims 

 

• To characterise the immunomodulatory role of trypanosome-derived ketoacids in 

primary human DC. 

• To investigate the effects of trypanosome-derived ketoacids on the metabolic 

profile of primary human DC. 

• To assess T cell responses upon co-culture with trypanosome-derived ketoacid-

treated DC. 

• To explore the therapeutic potential of trypanosome-derived ketoacids in PBMC 

isolated from patients with IBD.  
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Chapter 2:  

Materials & Methods  
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2.1 Materials 

 

2.1.1 Reagents 

4-hydroxyphenylpyruvic acid (HPP) and indole-3-pyruvic acid (IP) were purchased from 

Merck and dissolved in RPMI to a final concentration of 2 mM before use. Ultrapure 

lipopolysaccharide (LPS) from E. Coli O111:B4 was purchased from Enzo Life Sciences 

(Bruxelles, Belgium). Carnosol (from Rosemarinus officinalis) and curcumin (from Curcuma 

longa) were purchased from Merck and dissolved in DMSO, also purchased from Merck. 

Human monoclonal anti-CD3 antibody and anti-CD28 antibody were purchased from 

Invitrogen. The Antioxidant assay kit was purchased from Merck. The CyQUANTTM LDH 

Cytotoxicity Assay Kit was purchased from Invitrogen. ML385 and VPS34-IN1 were 

purchased from Merck.  

 

2.1.2 Cell culture 

Complete RPMI, complete DMEM or complete IMDM were prepared by supplementing 

with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin, which were all purchased from Merck. The concentration of glucose in the 

RPMI was 11 mM, and the concentration of glucose in both the DMEM and IMDM was 25 

mM. Lymphoprep is manufactured by Axis-Shield poC. GM-CSF and IL-4 were purchased 

from Miltenyi Biotec. The MagniSort Human CD14 Positive Selection kit and MagniSort 

Human CD4 T cell Positive Selection kit were purchased from Thermo Fisher Scientific. 

Dulbecco’s phosphate buffered saline (PBS) was also purchased from Merck. The HEK-

BlueTM hTLR4 assay system was purchased from InvivoGen.  

 

2.1.3 Western blotting 

The protease inhibitor cocktail was purchased from Roche and Phosphatase inhibitor 

cocktail 3 was purchased from Merck. The western blot antibodies for Nrf2, pro-IL-1β, HK2, 

p-AMPK, t-AMPK, pS6, p62 and LC3 were all purchased from Cell Signalling Technology, 

while the antibody for HO-1 was purchased from Enzo Life Sciences, and the β-actin 

antibody and secondary anti-rabbit were purchased from Merck. All chemicals used for 
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western blotting buffers and solutions listed in Table 2.1 were purchased from Sigma-

Aldrich. Acrylamide was purchased from Fisher scientific. SeeBlue Plus2 Pre-Stained 

Protein Standard was purchased from Invitrogen. Immobilin polyvinylidene difluoride 

(PVDF) membrane and Enhanced Chemiluminescent (ECL) Horseradish-Peroxidase (HRP) 

Substrate were purchased from Merck.  

 

Table 2.1 Buffers for Western blotting 
Buffer Reagents 
1 M Tris-HCL (pH 6.8) 121.4 g Tris, 1 L dH₂O, pH using HCL. 
1.5 M Tris-HCL (pH 8.8) 181.71 g Tris, 1 L dH₂O, pH using HCL. 
10% SDS 10 g SDS, 100 ml dH₂O. 
10% Ammonium Persulfate (APS) 100 mg APS, 10 ml dH₂O 
10X Running Buffer (pH8.3) 30.3 g Tris, 144 g Glycine, 10 g SDS, 1 L dH₂O. Dilute 

1:10 in dH₂O to use at 1X concentration. 
10X Transfer Buffer (pH ~8) 30 g Tris, 144 g Glycine, 1 L dH₂O. Dilute 1:10 in dH₂O 

to use at 1X concentration. 
10X Tris-Buffered Saline with 
Tween-20 (TBST) (pH 7.6) 

24.2 g Tris, 88 g NaCl, 10 ml Tween-20, 990 ml dH₂O. 
Dilute 1:10 in dH₂O to use at 1X concentration. 

 

2.1.4 Flow cytometry 

The Fixable Viability Dye, and Annexin V & PI staining kit were all purchased from 

eBioscience. The DQ-Ovalbumin, FIX & PERM™ Cell Permeabilization Kit, CellROXTM green, 

Fixable Viability Dye eFluor506 and Anti-mouse Ig CompBeads were purchased from 

Invitrogen. The Zombie NIRTM Fixable Viability kit was purchased from BioLegend. Phorbol 

12-myristate 13-acetate (PMA), ionomycin, and brefeldin A were purchased from Merck. 

Fluorochrome-conjugated antibodies were purchased as listed below in Table 2.2.  

 

Table 2.2 Fluorochrome-conjugated antibodies 
Specificity Fluorochrome Clone Supplier 
CD14 FITC HCD14 Biolegend 
CD209 PE-Cy7 9E9A8 Biolegend 
CD40 efluor 450 5C3 Invitrogen 
CD80 FITC 2D10 Biolegend 
CD86 APC IT2.2 Biolegend 
CD83 PE HB15e Biolegend 
CD3 PE-Cy5.5 SK7 Invitrogen 
CD8 AF700 RPA-T8 BD biosciences 
CD4 PE-CF594 L200 BD biosciences 
Ki67 AF488 B56 BD biosciences 
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PE-Cy7 B56 BD biosciences 
IFNg APC B27 BD biosciences 
IL-17 PE eBio64DEC17 Invitrogen 
TNF PerCP-Cy5.5 MAb11 Invitrogen 
IL-2 PE-CF594 5344.111 BD biosciences 
FOXP3 PE 236A/E7 Invitrogen 
CD127 BV711 AO19D5 Biolegend 
CD25 PE-Cy7 BC96 Invitrogen 

 

2.1.5 Polymerase chain reaction 

High-Pure RNA Isolation Kits were purchased from Roche. The High-Capacity cDNA reverse 

transcription kit was purchased from Applied Biosystems and the iTaq Universal SYBR 

Green mastermix from Bio-Rad. Forward and reverse primers for NQO1, GSR, CYP1A1 and 

β-actin were purchased from Merck. The primer sequences are detailed in Table 2.3.   

 

Table 2.3 Primer sequences. 
Table containing the forward and reverse primer sequences for NQO1, GSR, and β-actin. 

Gene Forward Primer Reverse Primer 
NQO1 5ʹ TGAAGAAGAAAGGATGGGAG 3ʹ 5ʹ TTTACCTGTGATGTCCTTTC 3ʹ 
GSR 5ʹ GACCTATTCAACGAGCTTTAC 3ʹ 5ʹ CAACCACCTTTTCTTCCTTG 3ʹ 
CYP1A1 5’ CATTAACATCGTCTTGGACC 3’ 5’ TCTTGGATCTTTCTCTGTACC 3’ 
β-actin 5ʹ GGACTTCGAGCAAGAGATGG 3ʹ 5ʹ AGCACTGTGTTGGCGTACAG 3ʹ 

 
 

2.1.6 Enzyme linked immunosorbent assay 

Human IL-10, IL-23, IL-12p70, IL-6, TNF, IL-17 and IFNg uncoated ELISA kits were purchased 

from Invitrogen.  

 

2.1.7 Seahorse 

The Complete XF assay medium was purchased from Agilent. The Corning™ Cell-Tak Cell 

and Tissue Adhesive was purchased from Fisher Scientific. Oligomycin was purchased 

from Cayman Chemicals and carbonyl cyanide-p trifluoromethoxyphenylhydrazone 

(FCCP) from Santa Cruz biotechnology. Rotenone, antimycin A, and 2-deoxy-D-glucose (2-

DG) were all purchased from Merck.  
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2.2 Methods 

 

2.2.1 Cell culture 

Cells were cultured at 37oC with an atmosphere of 95% humidity and 5% CO2. RPMI, IMDM 

and DMEM medium were supplemented with 10% FBS, 2mM L-Glutamine, 100 U/ml 

penicillin and 100 μg/ml streptomycin.  

 

2.2.2 Cell counting 

Cells in media were diluted in trypan blue and 10 μl was loaded onto a haemocytometer, 

a Hycor Galsstic slide, and viewed under a light microscope. Cell viability was assessed by 

dye exclusion. The total number of viable cells was calculated using the formula: 

 

Number of cells/ml = Average number of cells counted x 104 x dilution factor 

 

2.2.3 PBMC isolation 

The Irish Blood Transfusion Service (IBTS) at St. James’s Hospital in Dublin supplied 

leukocyte-enriched buffy coats for these studies, from donors who provided informed 

written consent. Ethical approval was obtained from the research ethics committee of the 

School of Biochemistry and Immunology at Trinity College Dublin, and all experiments were 

carried out in accordance with the Declaration of Helsinki. Buffy coats were diluted 1:2 

with sterile PBS and centrifuged at 1250 g for 10 minutes at room temperature with the 

brake off. The buffy coat layer was carefully removed, diluted in sterile PBS, and 25 ml was 

layered over 17.5 ml Lymphoprep. PBMC were isolated by density gradient centrifugation 

at 800 g at room temperature for 20 minutes with the brake off. The PBMC layer was 

carefully removed using a Pasteur pipette, washed in sterile PBS and centrifuged at 650 g 

for 10 minutes. The cells were washed again in sterile PBS and centrifuged at 300 g for 10 

minutes. The PBMC were then resuspended and cultured in RPMI.  
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2.2.4 Isolation of IBD patient PBMC 

This study received ethical approval from St Vincent’s University Hospital Ethics and 

Medical Research Committee to take blood samples from consenting patients (N = 14) 

attending a specialist outpatient clinic for inflammatory bowel disease (IBD). Table 2.4 

outlines a number of parameters regarding the patient’s data, including gender (male or 

female), IBD condition (ulcerative colitis (UC) or Crohn’s disease (CD)), and the extent of 

the disease. PBMC were isolated as above and cryopreserved at -80 °C. PBMC were thawed 

and treated with either IP or HPP (250–1000 μM) or carnosol or curcumin (5 μM) for 6 

hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. The media was then 

removed and replaced with fresh media to circumvent issues that occur as the compounds 

become fluorescent after incubations over long periods of time, and cells were maintained 

in the presence of anti-CD3 for a further four days. The supernatants were then removed 

for analysis of cytokines by ELISA and PBMC were restimulated in complete IMDM medium 

in the presence of 50 ng/mL PMA, 500 ng/mL ionomycin, and 5 µg/mL brefeldin A for 4 

hours. Cells were then stained for extracellular and intracellular markers as outlined below, 

and analysed using flow cytometry. All antibodies used in this experiment were carefully 

chosen to avoid channels which still had some fluorescence issues, despite the steps taken 

to overcome this. Gating strategy shown in Figure 2.5.  

 

Table 2.4 Patient data 
A table outlining data regarding the patient’s gender (male or female), IBD condition 
(ulcerative colitis (UC) or Crohn’s disease (CD)), and the extent of the disease.  

Patient sample number Male/Female UC/CD Extent of disease 
1 Female CD Crohn’s colitis, perianal 
2 Male CD Crohn’s colitis, perianal 
3 Male UC Proctitis 
4 Male CD Ileitis 
5 Male CD Crohn’s colitis, perianal 
6 Female UC Pancolitis 
7 Female CD Crohn’s colitis, perianal 
8 Female UC Proctitis 
9 Male CD Ileitis, perianal 

10 Female CD Ileo-colitis 
11 Female UC Left-sided colitis 
12 Female UC Proctosigmoiditis 
13 Male UC N/A 
14 Male UC Pancolitis 
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2.2.5 Isolation of CD14+ and CD4+ cells 

CD14+ monocytes and CD4+ T cells were isolated from PBMC using magnetic activated 

sorting using the Magnisort Human CD14 positive selection kit or the Magnisort Human 

CD4 T cell Positive Selection kit. PBMC were washed in MACS buffer (PBS containing 2% 

FBS and 2mM EDTA) and pelleted by centrifugation at 300 g for 5 minutes. The pellet was 

resuspended in MACS buffer at 1 x 108 cells/ml in a 12 x 75 mm 5 ml tube and incubated 

with anti-CD14 biotin (10 μl per 100 μl cells) for 10 minutes at room temperature. Cells 

were then washed in 4 ml MACS buffer and pelleted by centrifugation at 300 g for 5 

minutes. Supernatant was discarded; cells were re-suspended in their original volume of 

MACS buffer and incubated with MagniSort positive selection beads (15 µl per 100µl cells) 

for 10 minutes at room temperature. The volume was then adjusted to 2.5 ml and the tube 

placed inside the magnetic field of a Magneto cell sorter for 5 minutes. The negative 

fraction was then poured off by inverting the tube while held inside Magneto, and the 

remaining cells were re-suspended in 2.5 ml MACS buffer. This step was repeated two 

times and then the positive fraction containing the CD14+ monocytes was re-suspended in 

RPMI and counted. The purity of the sorted cells was assessed by flow cytometry and was 

routinely > 85% (Figure 2.1). For the CD4+ T cell isolation, the negative fraction from the 

CD14 sort was collected, counted, and the above protocol was followed using anti-CD4 

biotin instead. The purity of the sorted cells was assessed by flow cytometry and was 

routinely > 90% (Figure 2.2). 

 

2.2.6 Culture of monocyte derived dendritic cells 

CD14+ monocytes isolated from human PBMC as above were then cultured at 1 × 106 

cells/mL in RPMI and supplemented with GM-CSF (50 ng/mL) and IL-4 (40 ng/mL) to 

generate monocyte-derived DC. On day three of culture, half of the media was replaced 

with fresh media supplemented with cytokines at the same starting concentration. On day 

six, non-adherent and loosely adherent cells were gently removed for use. The purity of 

CD14loDC-SIGN+ DC was confirmed by flow cytometry and was routinely >95% (Figure 2.3). 

DC were cultured at 1 × 106 cells/mL for all further assays.  
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2.2.7 Culture of bone marrow derived macrophages 

Primary bone marrow derived macrophages (BMDM) were obtained from the hind legs of 

adult C57BL/6 mice. Bone marrow from the tibiae and femurs were flushed out with DMEM 

using a 27 Gauge needle and broken up by trituration using a 19 Gauge needle. The cell 

suspension was centrifuged at 300 g for 5 minutes. The cell pellet was re-suspended in 2 

ml of filter sterilised ammonium chloride solution at 37oC for 2 minutes to lyse red blood 

cells. 8 ml of DMEM was added to stop cell lysis and the cell solution was centrifuged at 

300 g for 5 minutes. Cells were seeded in 10 ml petri dishes at 1x106 cells/ml in DMEM 

containing 20% L929 medium containing M-CSF. The cultures were incubated at 37oC in 5% 

CO2 humidified atmosphere. 1 ml of L929 medium containing M-CSF was added on day 3. 

Cells were harvested on day 6 by replacing the medium on the cells with 5 ml of DMEM 

and scraping using a cell scraper. The cell suspension was then centrifuged at 300 g for 5 

minutes and the pellet was re-suspended in DMEM. Cells were plated in 24-well plates at 

1x106 cells/ml in DMEM containing 10% L929 medium containing M-CSF.  

 

2.2.8 SDS-PAGE and western blotting 

 

2.2.8.1 Sample preparation 

Cell lysates were prepared by removing cell supernatants and washing cells in PBS prior to 

addition of lysis buffer. Different lysis protocol were used depending on the protein of 

interest. RIPA buffer (Tris 50 mM; NaCl 150 mM; SDS 0.1%; Na.Deoxycholate 0.5%; Triton 

X 100) was used to lyse samples for detecting HO-1 expression. For detection of Nrf2, pro-

IL-1β, HK2, AMPK, and pS6 expression, cells were lysed in 1x Laemmli loading buffer. For 

detection of p62 and LC3, cells were lysed in 1x Laemmli loading buffer and sonicated for 

30 seconds. All samples were lysed in the presence of a protease inhibitor cocktail and 

phosphatase inhibitor cocktail set on ice for 30 minutes. The samples were then 

centrifuged at 16,000 g for 5 minutes to pellet debris, and the lysates were transferred to 

new microcentrifuge tubes. Samples were boiled at 100oC for 5 minutes, and either used 

immediately or stored at -20oC until use.  
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2.2.8.2 SDS-PAGE 

Samples were prepared by the addition of 5x Laemmli buffer (containing 20% β-

mercaptoethanol) in a ratio of 1:4 (if not already lysed in 1x Laemmli buffer) prior to boiling 

at 100°C for 5 minutes. Depending on the size of the target protein, either 8%, 10%, 12% 

or 16% polyacrylamide gels were used (see Table 2.5 for composition of gels). Samples and 

a pre-stained protein standard were loaded into the gel. Electrophoresis was carried out 

at 120 volts (V) for 90-120 minutes. 

 

Table 2.5 Composition of SDS-Polyacrylamide Gel. 
 8% 

Resolving 
Gel 

10% 
Resolving 
Gel 

12% 
Resolving 
Gel 

16% 
Resolving 
Gel 

Stacking Gel 

30% 
Acrylamide 

4 ml 5 ml 6 ml 8 ml 0.67 ml 

H2O 6.9 ml 5.9 ml 4.9 ml 2.9 ml 2.7  ml 
1.5 M Tris-HCl 3.8 ml 3.8 ml 3.8 ml 3.8 ml - 
1 M Tris-HCl - - - - 0.5 ml 
10% SDS 0.15 ml 0.15 ml 0.15 ml 0.15 ml 40 μl 
10% APS 0.15 ml 0.15 ml 0.15 ml 0.15 ml 40 μl 
Temed 6 μl 6 μl 6 μl 6 μl 6 μl 

 

2.2.8.3 Transfer of proteins onto PVDF membrane 

The resolved proteins were transferred onto a PVDF membrane. A wet transfer sandwich 

was prepared in the following order: sponge, filter paper, gel, PVDF membrane, filter 

paper, sponge. PVDF membrane was first activated by submersion in methanol. All other 

components of the transfer sandwich were first submerged in transfer buffer. The transfer 

sandwich was placed into the transfer system with the gel on the cathode side and the 

membrane on the anode side. After ensuring that there were no air bubbles in the system, 

the proteins were transferred at 200 milliamperes (mA) for 90-120 minutes depending on 

the size of the protein. 

 

2.2.8.4 Immunodetection of proteins 

Following the transfer, the membrane was incubated in blocking buffer, 5% (w/v) milk in 1 

x Tris buffered saline (TBST), under agitation for 1 hour at room temperature. The 

membrane was incubated in primary antibody (see Table 2.6 for dilutions) with agitation, 
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overnight at 4°C. The membrane was washed 5 times for 5 minutes each with 1x TBST prior 

to incubation in secondary antibody (See Table 2.6 for dilutions) for 2 hours at room 

temperature. The membrane was washed a further 5 times for 5 minutes each and then 

developed with freshly prepared ECL using Chemi-Luminescent gel documentation system. 

The membranes were subsequently re-probed with a loading control, β-actin, in order to 

normalise the protein of interest to the loading control for densitometric analysis. 

 

Table 2.6 Dilutions for western blot antibodies. 
Primary antibody Dilution Secondary antibody Dilution 
Anti-HO-1 1:1000 Anti-Rabbit 1:2000 
Anti-phospho-AMPK 1:1000 Anti-Rabbit 1:2000 
Anti-total-AMPK 1:1000 Anti-Rabbit 1:2000 
Anti-phospho-S6 1:2000 Anti-Rabbit 1:2000 
Anti-Nrf2 1:1000 Anti-Rabbit 1:2000 
Anti-pro-IL-1β 1:1000 Anti-Mouse 1:2000 
Anti-HK2 1:1000 Anti-Rabbit 1:2000 
Anti-p62 1:1000 Anti-Rabbit 1:2000 
Anti-LC3 1:1000 Anti-Rabbit 1:2000 
Anti-β-actin-
peroxidase 

1:50,000 - - 

 

2.2.9 Flow cytometry 

 

2.2.9.1 Extracellular staining 

For staining of cells with fluorochrome-conjugated antibodies against extracellular 

markers, cells were harvested and washed in PBS. Cells were first stained with a viability 

dye which binds to dead cells by incubating them in 50 μl Fixable Viability Dye (diluted 

1:1000)  or Zombie NIRTM Fixable Viability kit (diluted 1:500) in PBS for 15 minutes at room 

temperature, protected from light. Cells were then washed in PBS and centrifuged at 300 

g for 5 minutes. The supernatant was discarded and cells were incubated in 50 μl PBS 

containing fluorochrome-conjugated antibodies for 15 minutes at room temperature 

protected from light. Following extracellular staining, cells were washed in PBS, centrifuged 

at 300 g and fixed with 50 μl Fix & Perm solution A for 15 minutes at room temperature, 

protected from light. Cells were washed in PBS, centrifuged as before and resuspended in 

PBS for acquisition.  
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2.2.9.2 Intracellular staining 

Cells were restimulated in media in the presence of 50 ng/mL PMA, 500 ng/mL ionomycin, 

and 5 µg/mL brefeldin A for 4 hours. Cells were stained with live/dead viability dye and 

surface markers as above. Cells were fixed with 50 μl Fix & Perm solution A for 15 minutes 

at room temperature, protected from light. Cells were washed and stained for intracellular 

markers in 50 μl Fix & Perm solution B (permeabilisation buffer) for 15 minutes at room 

temperature in the dark. Cells were washed in PBS, and resuspended in PBS for acquisition.  

 

2.2.9.3 Intranuclear staining 

For staining of intranuclear markers, cells were stained with live/dead viability dye and 

surface markers as above. Cells were resuspended in 200 μl FOXP3 fixation buffer for 15 

minutes at room temperature, protected from light. Cells were then washed with 1 ml 1x 

FOXP3 permeabilisation buffer and centrifuged at 300 g for 5 minutes. Cells were then 

stained with intranuclear fluorescently labelled antibodies in 50 μl permeabilisation buffer 

and incubated for 30 minutes at room temperature in the dark. Cells were washed again 

in permeabilisation buffer and centrifuged at 300 g for 5 minutes. Cells were then re-

suspended in PBS and analysed by flow cytometry. 

 

2.2.9.4 Annexin V & PI staining 

For assessment of apoptosis and necrosis, cells were stained with fluorochrome-

conjugated anti-Annexin V and PI. Cells were washed in 1x Annexin V binding buffer and 

pelleted by centrifugation at 300 g for 5 minutes. Supernatant was discarded and cells were 

incubated in 50 μl 1x binding buffer containing 2.5 μl fluorochrome-conjugated anti-

Annexin V and 5 μl PI for 15 minutes at room temperature, protected from light. 400 μl of 

1x binding buffer was added to the cells, and they were immediately acquired.  

 

2.2.9.5 DQ-Ovalbumin 

For assessment of phagocytosis or antigen uptake, cells were incubated with fresh media 

containing DQ-Ova (500 ng/ml) for 20 minutes at 37oC, before transferring to 4 °C for a 

further 10 minutes incubation to stop the uptake of the model antigen. Cells were then 
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washed in PBS, centrifuged at 300 g for 5 minutes, resuspended in PBS and acquired 

immediately. Unstained cells (cells given fresh media containing no DQ-Ova) were used as 

a gating control for DQ-Ova positive cells.  

 

2.2.9.6 CellRox 

For assessment of cellular ROS, cells were incubated with fresh media containing CellRox 

green (5 µM) for 30 minutes at 37oC. Cells were washed in PBS, centrifuged at 300 g for 5 

minutes, and fixed with 4% PFA for 15 minutes. Cells were washed in PBS, centrifuged at 

300 g for 5 minutes, and resuspended in PBS before acquiring.   

 

2.2.9.7 Acquisition, compensation and analysis 

Where flow cytometry experiments contained more than one fluorochrome, single-stained 

controls were prepared for each fluorochrome using compbeads in order to calculate 

spectral compensation. Samples were acquired on a BD FACSCanto II or a BD LSRFortessa 

flow cytometer. All flow cytometry data analysis was performed using FlowJo v10 software.  

 

2.2.10  Capture Enzyme-linked immunosorbent assay 

The concentrations of cytokines present in the supernatants from cell cultures were 

measured by Enzyme-Linked Immunosorbent Assay (ELISA) using Invitrogen uncoated 

ELISA kits for IL-6, IL-12p70, IL-23, IL-10, TNF, IL-17 and IFNg. 75 µl of capture antibody 

diluted in coating buffer (1:250 dilution) was applied to high-binding 96-well plates. Plates 

were incubated overnight at 4°C, capture antibody was removed and non-specific binding 

sites were blocked with 1x assay diluent for 1 hour at room temperature. After blocking, 

plates were washed four times in PBS-tween solution (PBS, 0.0005% Tween-20), dried and 

75 µl of supernatant samples were loaded into wells in triplicates either neat or diluted 

with 1x assay diluent. A standard curve of serially diluted recombinant cytokine standard 

was also loaded onto the plates in triplicate. Blank wells, containing assay diluents only, 

were included on each plate to allow the subtraction of background from each sample. 

Samples were incubated overnight at 4°C. The following day the plates were again washed 

four times, prior to the addition of 75 µl of biotinylated detection antibody diluted in 1x 

assay diluent (1:250 dilution) to each well, and incubated for 2 hours at room temperature. 
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Plates were washed four times and 75 µl of horseradish-peroxidase (HRP) conjugated to 

streptavidin diluted in 1x assay diluent (1:250 dilution) was applied to wells for 30 minutes 

in the dark. Wells were thoroughly washed and the substrate, TMB, was added as required 

by manufacturer. The enzyme-mediated colour reaction was protected from light while 

developing and stopped with the addition of 1M H2SO4. The optical density of the colour 

was determined by measuring the absorbance at 450 nm using a microtiter plate reader. 

A standard curve was generated using the serially diluted protein standards and used to 

determine the concentration of cytokine in the supernatant.  

 

2.2.11  Polymerase chain reaction 

 

2.2.11.1 RNA isolation 

Supernatants were removed and cells were washed once with PBS before the addition of 

400μl of lysis/binding buffer and 200 μl of PBS per well. The lysates were transferred to a 

High Pure Filter Tube that was inserted into a collection tube. Samples were centrifuged at 

8,000 g for 15 seconds (Spectrafuge 24 D). The flowthrough liquid was discarded and 90 μl 

of DNase incubation buffer with 10 μl DNase I was added to each Filter Tube and incubated 

for 15 minutes at room temperature. 500 μl of Wash Buffer I was then added to the Filter 

Tubes which were centrifuged at 8,000 g for 15 seconds. The flow-through liquid was 

discarded and 500 μl of Wash Buffer II was added to the Filter Tubes which were centrifuged 

again at 8,000 g for 15 seconds. The flow-through liquid was discarded and a further 200 μl 

of Wash Buffer II was added to Filter Tubes and centrifuged  at 13,000 g for 2 minutes. The 

flow-through liquid was discarded and samples were centrifuged at 13,000 g for a further 1 

minute. The collection tubes were discarded and the Filter Tubes were placed into sterile, 

RNase-free 1.5 ml microcentrifuge tubes. 50 μl of Elution Buffer was added to the filter tubes 

and centrifuged at 8,000 x g for 1 minute. The concentration of eluted RNA in each sample 

was determined using a NanoDrop 2000c UV-Vis Spectrophotometer and then equalised by 

the addition of Elution Buffer, where necessary. 
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2.2.11.2 cDNA synthesis 

cDNA synthesis was then carried out using the High capacity cDNA reverse transcription kit 

(Applied Biosystems). A 2X Reverse Transcription (RT) master mix was prepared with the 

components in Table 2.7. 

 

Table 2.7 Components and volumes required for the 2X RT Master Mix. 
Component Volume added (per sample) 
10X RT Buffer 2 μl 
25X dNTP Mix (100mM) 0.8 μl 
10X RT Random Primers 2 μl 
Multiscribe Reverse Transcriptase 1 μl 

 

14.2 μl of RNA (250 ng) and 5.8 μl of the 2X RT master mix were added to RNase-free PCR 

tubes and the reverse transcription (see Table 2.8) was performed using the Mini Amp 

Thermal Cycler. 

 

Table 2.8  cDNA Reverse Transcription Reaction. 
 Step 1 Step 2 Step 3 Step 4 
Temperature (°C) 23 37 85 4 
Time (Minutes) 10 120 5 Indefinitely 

 

2.2.11.3 Real time Polymerase Chain Reaction 

Real time Polymerase Chain Reaction (PCR) was carried out using the iTaq Universal SYBR 

Green Supermix and oligonucleotide primers. Reactions were made up, as detailed in Table 

2.9, into a 96-well PCR microplate. The PCR reaction is detailed in Table 2.10. 

Table 2.9 Components and volumes required for iTaq Universal SYBR Green reaction. 
Component Volume added (per sample) 
Forward Primer (Target gene or EC) 0.5 μl 
Reverse Primer (Target gene or EC) 0.5 μl 
Sigma H2O (RNase/DNase free) 4 μl 
Syber MM. 4 μl 
Diluted cDNA sample. 1µl 
Total Volume 10 μl 

 

Table 2.10 Thermal cycling parameters for iTaq Universal SYBR Green real-time PCR. 
 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 
Temperature (°C) 95 95 60 Plate Read 72 Go to Step 2 
Time (Seconds) 10 (mins) 15 30 - 30 x 40 
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The real-time PCR reactions (detailed in Table 2.9 and Table 2.10) were performed using the 

BioRad CFX Touch Real-Time PCR detection system. For each sample, mRNA concentration 

was normalised using the crossing threshold of the housekeeping gene β-actin. Gene 

expression, relative to untreated samples, was determined using the 2-∆∆Ct algorithm. 

 

2.2.12  Seahorse 

The Seahorse cartridge plate, consisting of the sensors for O2 and pH, was hydrated by the 

addition of 200 μl XF calibrant fluid per well, and incubated in a non-CO2 incubator at 37°C 

for a minimum of 8 hours prior to use. DC were cultured with LPS and ketoacids as 

appropriate in a tissue culture plate as normal, and the cell culture medium was then 

replaced with complete XF assay medium (pH of 7.4, supplemented with 10 mM glucose, 

1 mM sodium pyruvate, 2 mM L-glutamine). DC were then transferred to a Seahorse cell 

culture 96-well microplate at a density of 2 × 105 cells/well, which had been previously 

coated with Corning™ Cell-Tak Cell and Tissue Adhesive in order to adhere the DC to the 

plate. This plate was then incubated in a non-CO2 incubator for 30 minutes. Blank wells 

were prepared containing XF assay medium only (no cells) to subtract the background 

oxygen consumption rate (OCR), extracellular acidification rate (ECAR) and proton efflux 

rate (PER) during analysis. The inhibitors used during the Seahorse assay; Oligomycin (1 

mM), FCCP (1 mM), rotenone (500 nM), antimycin A (500 nM), and 2-DG (25 mM), were 

prepared in XF assay medium. Inhibitors were loaded into the appropriate injection ports 

on the hydrated cartridge plate and incubated for 10 minutes in a non-CO2 incubator at 37 

°C. The cartridge was loaded into the machine and the machine was calibrated. The cell 

plate was subsequently placed into the machine. Oligomycin, FCCP, rotenone and 

antimycin A, and 2-DG were sequentially injected while the OCR, ECAR and PER readings 

were simultaneously measured. Wave software (Agilent Technologies, California, USA) was 

used to analyse the results. The rates of basal glycolysis, max glycolysis, glycolytic reserve, 

basal respiration, max respiration, respiratory reserve and ATP production rate were 

calculated as detailed in the manufacturer’s protocol and as outlined in Table 2.11. 
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Table 2.11 Seahorse calculations. 
Table outlining the calculations used to determine the measurements for the Seahorse 
assay. 

Rate Calculation 
Basal glycolysis Average ECAR values prior to oligomycin treatment – non-

glycolytic ECAR 
Max glycolysis Average ECAR values after oligomycin and before FCCP 
Glycolytic reserve Max glycolysis – basal glycolysis 
Basal respiration Average OCR values prior to oligomycin treatment – non-

mitochondrial OCR 
Max respiration Average OCR values after FCCP & before Rotenone/antimycin A 

treatment 
Respiratory 
reserve 

Max respiration – basal respiration  

Mitochondrial ATP 
production rate 

OCRATP*2*P/O ratio 

Glycolytic ATP 
production rate 

PER - mitoPER 

Total cellular ATP 
production rate 

GlycoATP production rate + MitoATP production rate 

 

2.2.13  LDH assay 

The CyQUANTTM LDH Cytotoxicity Assay Kit was used to detect lactate dehydrogenase 

(LDH) present in the media during culture, as this can be used as an indicator of cellular 

cytotoxicity. After treatment was complete, 50 μl of supernatant was removed and placed 

in a new 96 well plate. 50 μl of reaction mixture was added and left at room temperature 

for 30 minutes in the dark. 50 μl of stop solution was then added. The absorbances of the 

samples were read at 490 nM and 680 nM. The data was analysed by subtracting the 

background absorbances, read at 680 nM, from the absorbances read at 490 nM. LDH 

present in the media can catalyse the conversion of lactate to pyruvate via NAD+ reduction 

to NADH. NADH is subsequently oxidised by diaphorase which leads to the reduction of a 

tetrazolium salt (INT) to a red formazan product that can be measured 

spectrophotometrically at 490 nm, giving a directly proportional readout of cytotoxicity. 

The percentage cytotoxicity was calculated as following:  

 

%	cytotoxicity

= 	 *
Compound	treated	LDH	activity − Spontaneous	LDH	activity

Maxiumum	LDH	activity − Spontaneous	LDH	activity < 	x	100 
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Compound treated LDH activity represents the samples with the treatment of interest. 

Spontaneous LDH activity represents untreated control samples. Maximum LDH activity 

represents positive control samples treated with Triton X-100 for 1 hour.  

 

2.2.14  Antioxidant assay 

DC were lysed by sonication in ice-cold PBS and centrifuged at 14,000 rpm for 10 minutes 

to pellet any debris. The total antioxidant capacity of the cells was analysed using an 

Antioxidant assay kit according to the manufacturer’s protocol. The assay measures the 

reduction of Cu2+ by an antioxidant to Cu+, which can subsequently form a coloured 

complex with a dye reagent in the kit. The absorbances of the samples were read at 570 

nm and compared to the absorbances of a range of known concentrations of Trolox 

standards. The data is displayed as the total antioxidant capacity of the cells expressed as 

an equivalent concentration of Trolox (µM).  

 

2.2.15  Two-Photon Fluorescence Lifetime Imaging Microscopy  

Two-photon excited NAD(P)H- Fluorescence Lifetime Imaging Microscopy (FLIM) was used 

to measure the levels of free and protein-bound NADH within cells, and was performed on 

a custom multiphoton system. A titanium:sapphire laser (Chameleon, Coherent®) was used 

for multiphoton excitation. A water-immersion 25x objective (Olympus, 1.05NA) was 

utilised on an upright (Olympus BX61WI) laser scanning microscope. Two-photon 

excitation of nicotinamide adenine dinucleotide phosphate (NAD(P)H) fluorescence was 

performed with 760 nm excitation wavelength. A 455/90 nm bandpass filter was used to 

isolate NAD(P)H fluorescence signal. 512x512 pixel images were acquired with a pixel dwell 

time of 3.81 μs and 30-second collection time. A PicoHarp 300 TCSPC system operating in 

the time-tagged mode coupled with a PMA hybrid detector (PicoQuanT GmbH, Germany) 

was used for fluorescence decay measurements yielding 256 time bins per pixel. At least 

three images for each model were acquired. Afterwards, regions of interest (ROI) were 

selected, and the NAD(P)H fluorescence decay was analysed. 
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For the NAD(P)H fluorescence decay analysis, an overall decay curve was generated by the 

contribution of all pixels in the ROI area. Afterwards, it was fitted with a double exponential 

decay curve (Equation (1)): 

	I(t) = α!e
" #
$! + α%e

" #
$" + c 

 
(1) 

I(t) represents the fluorescence intensity at time (t) after laser excitation. α1 and α2 

represent the fraction of the overall signal comprised of a short and long lifetime 

component, respectively. τ1 and τ2 are the long and short lifetime components, 

respectively. C corresponds to background light. X2 is calculated to evaluate the goodness 

of multi-exponential fit to the raw fluorescence decay data—the lowest χ2 values were 

considered in this study.  

 

For NAD(P)H, a two-component fit was used to differentiate between the free (τ1) and 

protein-bound (τ2) NAD(P)H. The average lifetime (τavg) of NAD(P)H for each pixel is 

calculated by a weighted average of both the free and bound lifetime contributions 

(Equation (2)): 

 

								τ&'( 	=
(α! × τ!) + (α% × τ%)

(α! + α%)
 (2) 

 

2.2.16  Endotoxin assay 

The HEK-BlueTM hTLR4 assay system was used to test IP and HPP for LPS contamination. 

HEK-blue cells (5 × 105 cells/mL) expressing TLR4 were stimulated with LPS (0.1–100 ng/mL; 

positive control), or HPP or IP (both 1000 µM) for 24 hours. The expression of secreted 

alkaline phosphatase (SEAP) which is under the control of NF-kB and AP-1 was tested by 

incubating cell supernatants with HEK-blue detection medium for 30 minutes at 37 °C and 

absorbance was read at 650 nm. 

 

2.2.17  Statistical analysis 

Prism 9 software (GraphPad Software Inc., California, USA) was used to perform the 

statistical analysis on all datasets. A repeated measures one-way ANOVA, with either 
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Dunnett’s or Šídák’s post hoc test, as appropriate, was used for analysis of three or more 

datasets. A Paired Student’s t-test was used for the analysis of only two datasets. The 

analysis of datasets with more than one variable were performed using a two-way 

ANOVA with Šídák’s multiple comparisons post hoc test. Asterisks are used in the figures 

to denote p values < 0.05, which were considered significant. 
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Figure 2.1 Monocyte purity analysed by flow cytometry. 
The expression of CD14 on purified monocytes was analysed by flow cytometry. (A) Dead 
cells and cellular debris were excluded using forward scatter (FSC) and side scatter (SSC). 
(B) Monocyte purity was then determined by gating on CD14+ cells.   
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Figure 2.2 CD4+ T cell purity analysed by flow cytometry. 
The expression of CD4 on purified T cells was analysed by flow cytometry. (A) Dead cells 
and cellular debris were excluded using forward scatter (FSC) and side scatter (SSC). (B) 
Single cells were gated on using FSC-A and FSC-H to exclude doublets. (C) T cell purity was 
then determined by gating on CD4+ cells.  
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Figure 2.3 Dendritic cell purity analysed by flow cytometry. 
(A) Dead cells and cellular debris were excluded using FSC and SSC. (B) Single cells were 
gated on using FSC-A and FSC-H to exclude doublets. Fluorescence minus one (FMO) 
controls for (C) CD209 and (D) CD14 were used to gate on the double stained sample (E) to 
determine DC purity. DC were defined as CD14-CD209+. 
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Figure 2.4 Gating strategy used to generate data shown in co-culture experiments. 
To assess proliferation and cytokine production in T cells co-cultured with DC, lymphocytes 
were gated on based on forward and side scatter and doublets were excluded. Viable single 
cells were then gated on by excluding cells which had taken up the viability dye. The CD4 T 
cell population was approximated by gating on CD3+CD8- cells (Q1), as CD4 is often 
downregulated during restimulation with PMA and ionomycin. Representative dot plots for 
IFNg and ki67 expression in the CD3+CD8- population are shown. Cytokine gates were set 
using unstimulated PBMC incubated in the presence of brefeldin A. 
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Figure 2.5 Gating strategy used to generate data shown in IBD PBMC experiments. 
To assess proliferation and cytokine production in ex-vivo stimulated PBMC from patients 
with inflammatory bowel disease, lymphocytes were first gated on based on forward and 
side scatter and doublets were excluded. Viable cells were then gated on by excluding cells 
which had taken up the viability dye. The CD4 T cell population was approximated by gating 
on CD3+CD8- cells (Q1), as CD4 is often downregulated during restimulation with PMA and 
ionomycin. Representative dot plots for IFNg and ki67 expression in the CD3+CD8- 
population are shown. Cytokine gates were set using unstimulated PBMC incubated in the 
presence of brefeldin A.  
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Chapter 3:  

Immunomodulatory properties of T. brucei-

derived ketoacids in human DC 

  



 61 

3.1 Introduction 

 

Infection with the parasite T. brucei is accompanied by the production of large amounts of 

aromatic ketoacids [253,254]. Recent studies have demonstrated that these molecules 

suppress host immune responses [255,256] which likely serves to benefit the parasite by 

prolonging infection, proliferation, and, ultimately, survival in the host. While the 

secretome of T. brucei has been shown to reduce the secretion of IL-12, IL-10, IL-6, and TNF 

in both murine and human DC [263,264], the ketoacids, IP and HPP, have been shown to 

directly ameliorate inflammatory cytokine production in murine macrophages and glia 

[255,256]. This is further supported by studies demonstrating their therapeutic efficacy in 

murine models of disease [255,257,258]. Given the key role played by DC in shaping both 

innate and adaptive immune cell responses, it was of interest to determine if these effects 

translate to this vital immune cell population, which not only serves to present antigens 

during infection, but also plays a key role in determining pathogenic T cell responses during 

disease.  

 

Unlike macrophages, which typically upregulate HO-1 in response to pro-inflammatory 

signals and cellular stress, HO-1 is constitutively expressed by immature DC both in vitro 

and in vivo, and is downregulated upon DC maturation [265,266]. Inhibition of HO-1 in DC 

reduces their phagocytic capacity, enhances their expression of co-stimulatory molecules, 

and increases their production of pro-inflammatory cytokines such as IL-12 and IL-23. This 

in turn results in polarisation of T cells towards inflammatory subsets e.g. Th1 and Th17 

cells [191,265–269]. Conversely, HO-1 induction promotes tolerogenic DC by inhibiting 

pro-inflammatory functions and maintaining DC in an immature-like state, with a 

consequential reduction in effector T cell responses. This is often accompanied by an 

increase in regulatory T cell responses [265,266,268–270]. These observations are 

supported by multiple in vivo models of inflammatory or autoimmune disease, where 

upregulation of HO-1 in DC was responsible for the suppression of pro-inflammatory T 

cells, promotion of Treg cell differentiation, and amelioration of harmful inflammation 

[202,271–273]. Hence, the HO-1 system is of particular importance in DC, and given the 

central immunoregulatory role played by these cells in the generation of both innate and 
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adaptive immune responses, they represent an attractive target for the development of 

novel anti-inflammatory therapies. 

 

In terms of new therapeutics, components of metabolic pathways are currently being 

explored since it was discovered that, not only do different immune cells engage different 

metabolic pathways, but that the activation/maturation state of immune cells is 

accompanied by metabolic switches. Generally it appears that when DC are activated, they 

ramp up glycolysis, which is a requirement for many of their effector functions, including 

upregulation of co-stimulatory markers and cytokine production [43,51,274]. When 

glycolysis is blocked, these processes are impaired, leading to an inability to activate T cells 

[43,51,274]. mTOR plays a central role in enhancing glycolysis and is activated in DC 

following inactivation of the mTOR inhibitor, AMPK [51,274]. Emerging evidence suggests 

that cross-talk between the HO-1 system and cellular metabolism may contribute to the 

regulation of immune cells by HO-1, while metabolic signalling has also been described to 

regulate HO-1 expression [104]. Many of the effects of HO-1 on cellular and systemic 

metabolism have been attributed to the activity of its reaction products [275]. For 

example, CO has been described to inhibit glycolysis and promote mitochondrial 

metabolism [275], and numerous similarities between the activities of CO and the anti-

diabetic drug, metformin, have been observed in metabolic disease [276]. Meanwhile, 

Gilbert syndrome, which is characterised by hyper-bilirubinaemia, is believed to be 

protective against metabolic syndrome, diabetes and obesity [277,278]. Increased 

activation of AMPK has been reported in anti-inflammatory immune cells such as Tregs, 

alternatively activated/M2-like macrophages and tolerogenic DC [279–281], and signalling 

through AMPK can activate Nrf2 to upregulate HO-1 in multiple cell types [131–136]. In 

addition to controlling metabolic pathways, AMPK also plays a major role in the activation 

of autophagy, which is of particular importance in DC. For example, activation of autophagy 

results in a more tolerogenic DC phenotype [80]. Autophagy is also intrinsically linked to 

HO-1 induction via the autophagy-related protein, p62 [282–284]. Specifically, Nrf2 is 

activated upon release from KEAP1, which can occur when p62 sequesters KEAP1, 

targeting it for degradation and allowing Nrf2 to translocate to the nucleus [282–284].  
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In summary, DC are key cells which bridge the innate and adaptive immune system, and 

the expression of HO-1 in these cells promotes a more tolerogenic phenotype. 

Furthermore, the autophagy pathway and metabolic reprogramming play important roles 

in controlling the phenotype of human DC, and there is evidence to suggest that these 

pathways are inherently linked to HO-1 signalling. Ketoacids have been shown to induce 

HO-1 in murine macrophages and glia [256], however their effects on human DC, metabolic 

reprogramming, and autophagy have not yet been explored. Experiments were therefore 

designed to gain more insight into the mechanism of action of these novel HO-1 inducers 

which have potential therapeutic applications.  

 

3.2 Aims 

 

• To characterise the immunomodulatory properties of T. brucei-derived ketoacids in 

primary human DC.  
• To investigate the effects of T. brucei-derived ketoacids on HO-1/Nrf2 signalling in 

primary human DC.  

• To explore the effect of T. brucei-derived ketoacids on metabolic reprograming and 

autophagy-related proteins in primary human DC.  
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3.3 Results 

 

3.3.1 Assessment of HPP and IP endotoxin levels. 

Given that DC are highly sensitive to LPS, it was imperative to carry out an endotoxin 

detection assay prior to conducting experiments in order to ensure that the prepared 

solutions of  ketoacids were free from contaminating LPS. To test this, HEK-BlueTM hTLR4 

reporter cells were incubated with HPP or IP (both 1000 µM) for 24 hours, or stimulated 

with increasing concentrations of LPS as a positive control. The concentration of ketoacids 

used in this study is based on the concentrations of ketoacids detected in the blood close 

to the peak of parasitaemia during trypanosomiasis, and has been used for in vitro assays 

in previously published studies [255,256,259,285]. The HEK-BlueTM hTLR4 cells have been 

engineered such that expression of secreted alkaline phosphatase (SEAP) is under control 

of the NF-kB and AP-1 promoters and indicates TLR4 activation. As expected, robust 

secretion of SEAP was observed following stimulation with LPS; however, neither HPP nor 

IP increased the production of SEAP from these cells (Figure 3.1). These results confirm 

that the prepared ketoacids were not contaminated with endotoxin and were suitable for 

use in follow-up experiments.  

 

3.3.2 HPP and IP upregulate HO-1 and activate Nrf2 in BMDM. 

It has recently been reported that T. brucei-derived ketoacids exhibit immunomodulatory 

effects in murine immune cells [255,257–259], while upregulation of the anti-inflammatory 

enzyme, HO-1, has been demonstrated in certain parasitic infections [286–288]. It was 

therefore hypothesised that the ketoacids may be upregulating HO-1 as a means of 

dampening host immune responses. In order to investigate this, BMDM were treated with 

IP, HPP and PP (all 1000 µM) for 24 hours and HO-1 expression was assessed by western 

blotting. Both IP and HPP were found to strongly upregulate HO-1 expression while PP had 

no effect (Figure 3.2A). It was next investigated if IP and HPP can activate the HO-1 

transcriptional regulator, Nrf2. BMDM were treated with either IP or HPP (250-1000 µM) 

for 6 hours, and in both cases, an increase in Nrf2 expression was observed. This was 

particularly evident at the higher concentrations examined (Figure 3.2 B and C). 
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3.3.3 HPP and IP are non-toxic to primary human DC. 

Having confirmed that IP and HPP induced HO-1 in murine cells, it was of interest to 

investigate the potential anti-inflammatory effects of these compounds in human immune 

cells. Prior to conducting detailed experiments, viability assays were carried out to ensure 

the ketoacids are non-toxic in primary human immune cells at the proposed study doses. 

DC were treated with two concentrations (500 μM  and 1000 μM) of HPP and IP for 24 

hours. Cell viability was assessed by Annexin V/PI staining and LDH secretion. Both HPP and 

IP were found to be non-toxic to human DC, having no effect on cell viability at the 

concentrations tested (Figure 3.3 & Figure 3.4).   

 

3.3.4 HPP and IP upregulate HO-1 in primary human DC. 

Having confirmed that IP and HPP are non-toxic in primary human DC, western blotting 

was carried out to determine if the ketoacids upregulate HO-1 at the protein level. 

Expression of the enzyme was examined at a range of IP and HPP concentrations (250–

1000 μM) and at different time-points (3, 6, and 24 hours). Immature DC constitutively 

expressed HO-1 in line with previous reports [266,269,289], however, treatment with 

either HPP or IP resulted in a trend towards increased expression of HO-1 at all 

concentrations tested with significance observed at 1000 μM in each case (Figure 3.5). At 

this concentration, significant upregulation of HO-1 occurred within 3 hours of HPP 

treatment, while significant induction of HO-1 occurred following 24 hours treatment with 

IP (Figure 3.6). 

 

3.3.5 HPP and IP activate Nrf2 in primary human DC.  

As outlined above, HPP and IP activate Nrf2 in murine immune cells, and this is the likely 

mechanism through which they upregulate HO-1. It was therefore of interest to investigate 

if the ketoacids have a similar mechanism of action in human DC. To test this, DC were 

treated with HPP or IP (both 1000 μM) for 6 and 24 hours, and Nrf2 protein expression was 

measured by western blot. An increase in Nrf2 protein was observed in HPP-treated DC at 

6 hours (Figure 3.7B), while IP-treated DC showed increased Nrf2 protein expression (and 

therefore accumulation) at 24 hours (Figure 3.7D). HPP and IP (1000 μM) were also found 
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to upregulate mRNA expression of the additional Nrf2-regulated genes, NQO1 and GSR, 

further confirming their ability to activate this transcription factor (Figure 3.8). 

 

3.3.6 HPP and IP upregulate HO-1 through Nrf2 activation in primary human 

DC.  

In order to confirm that the ketoacids are inducing HO-1 via Nrf2 activation, DC were 

treated with IP and HPP in the presence and absence of the Nrf2 inhibitor, ML385. DC were 

first treated with ML385 alone at the recommended dose (10 μM) for 24 hours to ensure 

it is non-toxic at this concentration. Cell viability was assessed using FixVia efluor506 and 

it was confirmed that ML385 is non-toxic to DC under these conditions (Figure 3.9). DC 

were then pre-treated with ML385 for 1 hour prior to treatment with IP or HPP (both 1000 

μM) for 24 hours. HO-1 expression was examined by western blot and as before, IP and 

HPP treatment significantly upregulated HO-1 expression. However, pre-treatment with 

ML385 resulted in a significant decrease in the expression of HO-1 with both IP and HPP 

treatments, when compared to ketoacid treatment alone (Figure 3.10). These results 

confirm that ketoacid-induced HO-1 expression is regulated by Nrf2 in human DC. 

 

3.3.7 HPP and IP increase the antioxidant capacity of primary human DC.  

Given that IP and HPP can induce the expression of antioxidant proteins, it was of interest 

to determine if the ketoacids can themselves function as antioxidants. To test this, the 

Antioxidant Assay Kit (Merck) was used to assess the antioxidant capacity of DC following 

treatment with HPP or IP. DC were treated for 1 hour with either HPP or IP (both 1000 μM), 

or the known HO-1 inducers, carnosol or curcumin (both 10 µM), and the antioxidant 

capacity of the cells was measured and expressed as equivalent Trolox concentrations. 

Both HPP and IP increased the total antioxidant capacity of DC after 1 hour of incubation 

with either compound (Figure 3.11). The ketoacids also appear to be more potent 

antioxidants than the established HO-1 inducers, carnosol and curcumin (Figure 3.11). 

Given that observed effects occurred within 1 hour of ketoacid treatment, these results 

indicate that IP and HPP may function themselves as antioxidants at early time-points, in 

addition to acting as inducers of Nrf-2-dependent genes.  
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3.3.8 IP, but not HPP, becomes fluorescent over time in culture media.  

During this study, it was noted that IP undergoes a colour change over time when 

incubated with/without cells in RPMI. It is likely that this is a result of IP converting to 

another form over time in aqueous solution, or switching between its keto and enol states 

[290,291]. It was therefore necessary to determine if IP becomes fluorescent over time as 

this would potentially effect fluorescence-based analysis including flow cytometry. In order 

to assess the endogenous fluorescence of IP, DC were cultured with IP (or HPP as a control) 

for 24 hours and left unstained, before examining by flow cytometry. The fluorescence of 

the samples were analysed in all 8 channels of the FACS Canto, and displayed as overlayed 

histograms to examine relevant fluorescence between samples (Figure 3.12). Unstained 

samples containing IP, but not HPP, exhibited increased fluorescence compared to 

untreated controls in all channels of the FACS Canto, with the highest fluorescence seen at 

the highest concentration examined i.e. 1000 μM  (Figure 3.12). This indicates IP becomes 

fluorescent over time, a finding that was taken into account when conducting further 

fluorescent based assays. 

 

3.3.9 IP, but not HPP, induces ROS production in primary human DC.  

Antioxidant genes can be upregulated in cells in response to the production of potentially 

harmful ROS in the cell. Having demonstrated that both IP and HPP upregulate HO-1 and 

Nrf2 in human DC, it was of interest to determine if the ketoacids themselves can induce 

ROS production. To test this, DC were treated with IP or HPP (both 1000 μM) over 24 hours 

and stained with CellRox, which becomes fluorescent upon oxidation by ROS. HPP 

treatment had no significant effect on the production of cellular ROS (Figure 3.13B), 

however, IP treatment significantly induced ROS production at 12 and 24 hours (Figure 

3.13A). In order to confirm that the observed increase in ROS production is not an artefact 

of endogenous IP fluorescence, unstained controls were analysed alongside CellRox-

stained samples. At all time-points tested, the CellRox-stained samples exhibited a higher 

fluorescence than unstained samples (Figure 3.14) which peaked at 12 hours and then 

began to decline. This indicates that the increase in fluorescence seen upon IP treatment 

is due to actual ROS production rather than IP autofluorescence.  
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3.3.10  HPP and IP activate the aryl hydrocarbon receptor in primary human 

DC.  

A study by Aoki et al which examined the therapeutic potential of HPP and IP in a colitis 

mouse model attributed their effects to activation of the AHR [258]. Furthermore, it was 

recently demonstrated that IP is capable of inhibiting prostaglandin production in an AHR 

dependent manner [259]. Experiments were therefore carried out to determine if IP and 

HPP are also capable of activating the AHR in human DC. CYP1A1 expression is upregulated 

by the AHR and its expression can be used as a readout of AHR activation. DC were treated 

with either IP or HPP (both 1000 μM) for 6 or 24 hours, and expression of CYP1A1 was 

examined by qPCR. IP significantly increased CYP1A1 mRNA expression after 6 hours, while 

HPP treatment resulted in a trend towards increased mRNA expression (p = 0.05) (Figure 

3.15A). No significant upregulation was observed at the 24 hour time-point, despite IP 

treatment resulting in a mean relative CYP1A1 mRNA expression of over 3000 fold higher 

than untreated control cells (Figure 3.15B). While further analysis is required, these results 

indicate that IP (and possibly HPP) can activate the AHR in human DC.  

 

3.3.11  LPS stimulation moderately reduces ketoacid-induced HO-1 expression 

in human DC.  

Immature DC constitutively express HO-1, and this is downregulated upon DC maturation 

[265,266]. As cells were to be stimulated/activated with LPS in subsequent experiments, it 

was necessary to ensure that HO-1 expression can still be induced by the ketoacids under 

these circumstances. To test this, DC were pre-treated with HPP or IP (both 1000 μM) for 

6 hours prior to stimulation with LPS (100 ng/ml) for 24 hours. As before, ketoacid 

treatment upregulated HO-1 expression, and while LPS stimulation resulted in reduced 

expression of HO-1 by the ketoacids, this was not significantly different when compared to 

ketoacid treatment alone (Figure 3.16).  
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3.3.12  HPP and IP reduce the production of pro-inflammatory cytokines in 

LPS-stimulated human DC.  

Our laboratory has recently demonstrated that HPP and IP are capable of reducing the 

production of pro-inflammatory cytokines in murine glia and macrophages [256]. 

Experiments were therefore carried out to determine if the ketoacids have immune 

modulating activity in human DC. To test this, DC were treated with either HPP or IP (500 

and 1000 μM) for 6 hours prior to stimulation with LPS (100 ng/ml) for 24 hours. Cytokine 

concentrations were measured in cell supernatants by ELISA. Both HPP and IP treatment 

dose-dependently reduced production of the pro-inflammatory cytokines TNF, IL-6, IL-

12p70, and IL-23, and this effect was most potent at the 1000 μM concentration (Figure 

3.17 and 3.18). As well as driving the production of pro-inflammatory cytokines, LPS 

treatment over time is usually accompanied by production of the anti-inflammatory 

cytokine IL-10 as a means of regulating inflammatory responses. Interestingly, IP treatment 

resulted in a significant enhancement of IL-10, while HPP treatment showed a similar, 

albeit non-significant, trend (Figure 3.17E and 3.18E). These results suggest that both IP 

and HPP are capable of reducing the production of pro-inflammatory cytokines in LPS-

stimulated DC, whilst also promoting a more anti-inflammatory phenotype.  

 

3.3.13  HPP, but not IP, reduces pro-IL-1β expression in LPS-stimulated human 

DC. 

It has previously been reported that IP inhibits expression of the pro-inflammatory 

cytokine, pro-IL-1β, in murine BMDM via inhibition of the transcriptional regulator HIF-1α 

[255]. To validate these findings, BMDM were treated with IP, HPP or PP (all 1000 μM) for 

30 minutes, prior to stimulation with LPS (100 ng/ml) for 24 hours, and pro-IL-1β 

expression was examined by western blotting. As expected, stimulation with LPS alone 

resulted in robust pro-IL-1β expression, however pre-treatment with either IP or HPP 

attenuated this affect. Conversely, pre-treatment with PP had no effect on LPS-induced 

pro-IL-1β (Figure 3.19B). This was next investigated in human DC. Cells were treated with 

either HPP or IP (both 1000 μM) for 6 hours prior to stimulation with LPS (100 ng/ml) for 

24 hours. Interestingly, cells pre-treated with HPP, but not IP, prior to stimulation with LPS 

showed a trend towards reduced expression of pro-IL-1β by western blot (p = 0.08) (Figure 
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3.19D). The results indicate that the ketoacids may exert cell type or species-specific 

effects.  

 

3.3.14  HPP treatment inhibits the maturation of LPS-stimulated human DC.  

As mentioned previously, HO-1 induction maintains DC in a more immature phenotype 

[292]. In order to determine if the ketoacids impact DC maturation, human DC were 

treated with HPP (1000 μM) for 6 hours prior to stimulation with LPS (100 ng/ml) for 24 

hours. Surface expression of maturation and co-stimulatory markers (CD40, CD80, CD83 

and CD86) were measured by flow cytometry. Due to the fluorescent nature of IP it was 

unsuitable for this flow cytometric analysis and hence was not included in these 

experiments. As expected, the expression of co-stimulatory markers was increased in LPS-

stimulated DC. The average Median Fluorescent Intensity (MFI) of these cells was set to 

100% and used as a control for comparison to the HPP-treated cells. There was a significant 

decrease in MFI at both HPP concentrations when compared to the LPS-stimulated control 

(Figure 3.20). Immature DC also have increased phagocytic capacity when compared to 

mature DC, as their main role is scavenging for antigen [8]. Therefore, it was hypothesised 

that the ketoacid-treated DC would have increased phagocytic capacity compared to 

stimulated, mature DC. To test this, DC were treated as above, and the phagocytic capacity 

of the cells was measured upon incubation with FITC-conjugated DQ-Ovalbumin (DQ-Ova; 

500 ng/mL). Uptake of this model antigen was assessed by flow cytometry. Compared to 

untreated cells, the ability of LPS-treated DC to phagocytose DQ-OVA was significantly 

impaired, signifying a heightened maturation status, however, pre-incubation with HPP 

prior to LPS treatment attenuated this effect and maintained the DC in an immature state 

(Figure 3.21). 

 

3.3.15  LPS stimulation upregulates glycolysis and oxidative phosphorylation 

in human DC. 

Metabolic reprogramming has been observed in immune cells and numerous recent 

studies have demonstrated that their activation/maturation is accompanied by a metabolic 

switch favouring glycolysis over oxidative phosphorylation [43]. LPS itself is known to 

induce metabolic reprograming in DC by enhancing their use of the glycolytic pathway 
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[134]. Prior to examining the effects of HO-1 on LPS-induced metabolic changes, DC were 

stimulated over time with LPS to determine the optimal time-point for experimental 

analysis. DC were stimulated with LPS (100 ng/ml) for 6, 12 or 24 hours and analysed in a 

Seahorse XFe96 analyser following the addition of oligomycin (1 mM); an inhibitor of 

mitochondrial complex V, FCCP (1 mM); a mitochondrial uncoupler, rotenone (500 nM) 

and antimycin A (500 nM); which are inhibitors of the mitochondrial complexes I & III, 

respectively, and 2-DG (25 mM); an inhibitor of glycolysis. The metabolic activity of the 

cells was then determined by measuring the ECAR, which is a measure of glycolysis, and 

the OCR, which is a measure of oxidative phosphorylation. LPS stimulation resulted in a 

trend towards an increase in basal and max glycolysis at 6 and 12 hours, with a return to 

baseline at 24 hours (Figure 3.22 B and C). There was no observed change in the glycolytic 

reserve at either 6 or 12 hours, while there was a trend towards a reduction below baseline 

levels after 24 hours (Figure 3.22D). There was also a trend towards an increase in the basal 

respiration, max respiration and respiratory reserve at 6 and 12 hours (Figure 3.23). At all 

time-points tested, there was a trend towards an increase in the ECAR:OCR ratio when 

compared to untreated control, with the greatest increase seen after 12 hours LPS 

stimulation (Figure 3.24). Based on these results, the 12 hour time-point was chosen for 

subsequent studies examining LPS-induced changes in the metabolic profile of these cells.  

 

3.3.16  IP and HPP downregulate glycolysis in LPS-stimulated human DC. 

In order to determine if T. brucei–derived ketoacids have an effect on LPS-induced 

metabolic reprograming, DC were pre-treated with IP or HPP (both 1000 μM) for 6 hours 

prior to stimulation with LPS (100 ng/ml) for 12 hours. These cells were then analysed in a 

Seahorse XFe96 analyser following the addition of oligomycin, FCCP, rotenone and 

antimycin A, and 2-DG, as before. ECAR and OCR measurements were then taken over 

time. IP- and HPP-treated DC showed no change in basal glycolysis when compared to LPS 

stimulation alone (Figure 3.25B). LPS-treated cells showed a trend towards increased max 

glycolysis (p = 0.06), and this was significantly decreased in the presence of either HPP or 

IP (Figure 3.25C). Both IP and HPP were also capable of significantly decreasing the 

glycolytic reserve in LPS-stimulated cells (Figure 3.25D). There were no significant changes 

in the basal respiration (Figure 3.26B), max respiration (Figure 3.26C), and respiratory 
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reserve (Figure 3.26D) in IP- or HPP-treated DC when compared to LPS stimulation alone, 

suggesting that they have no impact on oxidative phosphorylation. Similarly IP and HPP 

treatment had no effect on the ECAR:OCR ratio compared to LPS stimulation alone (Figure 

3.27). Interestingly, DC treated with IP or HPP derive their ATP primarily from oxidative 

phosphorylation (Figure 3.28). Furthermore, IP treated DC show a trend towards a 

reduction in the percentage of ATP derived from glycolysis when compared to the LPS 

stimulation alone (Figure 3.28).  

 

3.3.17  HPP favours engagement of oxidative phosphorylation over glycolysis 

in human DC. 

The effects of HPP treatment on the metabolism of DC was further investigated using 

Fluorescence lifetime imaging microscopy (FLIM), which measures the intracellular levels 

of bound and free NADH (IP was excluded from this analysis due to autofluorescence 

issues). Bound NADH, which is associated with oxidative phosphorylation, or free NADH, 

which is associated with glycolysis, can be distinguished based on their distinct lifetimes 

upon fluorescence excitation. The ratio of bound to free NADH can be used to measure 

whether a cell is favouring the engagement of glycolysis (characterised by a decrease in 

the ratio due to increased free NADH) or oxidative phosphorylation (characterised by an 

increase in the ratio due to increased bound NADH). DC were treated with HPP (1000 μM) 

for 6 hours prior to stimulation with LPS (100 ng/ml) for 12 hours, and analysed by FLIM. 

Similar to the Seahorse results reported above, LPS-stimulated DC ramped up glycolysis, as 

represented by a decrease in the 𝜏 average (see section 2.2.15 for detailed explanation 

regarding calculation of this value) compared to untreated DC (Figure 3.29). In contrast, 

cells pre-treated with HPP exhibited a significant increase in the 𝜏 average compared to the 

LPS-stimulated controls, indicating they are favouring oxidative phosphorylation to 

generate their energy (Figure 3.29). 

 

3.3.18  IP and HPP reduce the expression of HK2 in LPS-stimulated human DC. 

Given the results indicating that the ketoacids may be downregulating glycolysis and 

favouring oxidative phosphorylation in human DC, it was of interest to determine what 

factors may be contributing to this shift in the metabolic profile in the cells. HK2 is the rate 



 73 

limiting enzyme in the glycolytic pathway and is known to be upregulated by LPS. 

Expression of this enzyme was therefore assessed in LPS-stimulated cells in the presence 

and absence of the ketoacids. DC were treated with IP or HPP (both 1000 μM) for 6 hours 

prior to stimulation with LPS (100 ng/ml) for 12 hours. As expected, LPS stimulation 

induced the upregulation of HK2 in DC (Figure 3.30). However, there was significantly 

reduced expression of the enzyme in IP-treated DC, and a trend towards reduced 

expression (albeit not significant) in HPP-treated DC when compared to LPS-stimulation 

alone (p = 0.09) (Figure 3.30). This indicates that the ketoacids (in particular IP) can block 

upregulation of this enzyme in LPS-stimulated DC, and this in turn can impact on the cell’s 

ability to utilise glycolysis.  

 

3.3.19  IP and HPP reduce phosphorylation of the mTOR substrate, S6, while 

increasing phosphorylation of AMPK in human DC. 

mTOR, the major promoter of anabolic metabolism, is activated in response to LPS 

stimulation [55,293,294]. S6 is a protein which is phosphorylated by mTOR and is 

commonly used as a readout for mTOR activation. In order to determine if the ketoacids 

have any impact on mTOR activation, DC were pre-treated with IP or HPP (both 1000 μM) 

for 15 minutes prior to stimulation with LPS (100 ng/ml) for 1 hour, and phosphorylation 

of S6 was examined by western blot. IP and HPP treatment showed a trend towards a 

reduction in the phosphorylation of S6 compared to LPS stimulation alone (Figure 3.31). 

mTOR can be inhibited by AMPK, the cellular energy sensor and master regulator of 

catabolic metabolism. In order to determine if the ketoacids have any impact on AMPK 

activation, DC were treated with IP or HPP (both 1000 μM) for 15 minutes and 

phosphorylation (and therefore activation) of AMPK was assessed by western blotting. IP 

treatment resulted in a significant increase in AMPK phosphorylation while HPP treatment 

also trended towards an increase, which was approaching significance with a p value of 

0.06 (Figure 3.32). This indicates the ketoacids are activating AMPK, which may be 

responsible for the inhibition of mTOR, and may also contribute to the subsequent 

modulation of DC metabolism.  
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3.3.20  IP and HPP activate autophagy-related proteins in human DC. 

AMPK is not only important for cellular metabolism, but is also a key protein controlling 

autophagy in cells. Indeed, activation of AMPK is one of the initiating steps in the 

autophagy pathway [74,75]. As the ketoacids are capable of activating AMPK, it was of 

interest to investigate if they had any effect on other autophagy-related proteins in DC. To 

examine this, DC were treated with IP or HPP (both 1000 μM) for 6, 12 or 24 hours and 

expression of the autophagy-related proteins, p62 and LC3, were examined by western 

blotting. IP treatment upregulated both p62 and LC3-II expression over time (LC3-I is 

converted to LC3-II during autophagy), and this was most potent after 24 hours (Figure 

3.33D & 3.34D). HPP treatment significantly increased p62 expression after 6 hours and 

significantly increased LC3-II expression after 24 hours (Figure 3.33B & 3.34D). These 

results indicate both ketoacids are activating autophagy-related proteins in human DC. This 

may also have implications for Nrf2 activation given that p62 can sequester the Nrf2 

inhibitor, KEAP1.  
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Figure 3.1 Assessment of HPP and IP endotoxin levels. 
HEK-blue cells expressing TLR4 were left untreated (UT), stimulated with LPS (0.1–100 
ng/ml; positive control), or incubated with HPP or IP (both 1000 µM) for 24 hours. The 
expression of SEAP which is under the control of NF-kB and AP-1 was tested by incubating 
cell supernatants with HEK-blue detection medium for 30 minutes at 37 °C and absorbance 
was read at 650 nm. Pooled data showing the mean (± SEM) absorbance readings from two 
independent experiments. 
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Figure 3.2 HPP and IP upregulate HO-1 and stabilise Nrf2 in BMDM. 
(A) BMDM were left untreated (UT) or incubated with IP, HPP or PP (1000 µM) for 24 hours. 
HO-1 expression was detected by western blot. BMDM were left UT or incubated with (B) 
IP or (C) HPP (250-1000 µM) for 24 hours. Nrf2 expression was detected by western blot. 
Blots are representative of 2 individual experiments.  
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Figure 3.3 HPP and IP are non-toxic to primary human DC. 
Primary human DC were left untreated (UT) or incubated with (A & C) HPP or (B & D) IP 
(both 500-1000 µM) for 24 hours. Cells were stained for Annexin V and PI uptake, as 
indicators of apoptosis/necrosis, and analysed by flow cytometry. Debris was excluded by 
gating, and viable cells were defined as Annexin V- PI- (non-apoptotic/necrotic cells). (A & 
B) Dot plots depicting Annexin V and PI expression from one representative experiment. 
(C & D) Pooled data showing the mean (± SEM) of Annexin V- PI- cells as a percentage from 
4 healthy donors. 
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Figure 3.4 HPP and IP are non-toxic to primary human DC. 
Primary human DC were left untreated (UT) or incubated with HPP or IP (1000 µM) for 24 
hours, or Triton X-100 for 1 hour. Supernatants were removed and analysed for LDH 
expression. Pooled data showing the mean (± SEM) % cytotoxicity from 2 healthy donors. 
Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, 
was used to determine statistical significance by comparing means of treatment groups 
against the mean of the control group (*** p < 0.001). 
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Figure 3.5 HPP and IP upregulate HO-1 in a concentration dependent manner in primary 
human DC. 
Primary human DC were left untreated (UT) or incubated with (A) IP or (B) HPP (250-1000 
µM) for 24 hours. HO-1 expression was detected by western blot. Densitometry results 
shown are mean ± SEM of the relative expression of HO-1: β-actin from 5 healthy donors. 
Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, 
was used to determine statistical significance by comparing means of treatment groups 
against the mean of the control group (*p < 0.05). ImageLab (Bio-Rad) software was used 
to perform densitometric analysis.  
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Figure 3.6 HPP and IP upregulate HO-1 over time in primary human DC. 
Primary human DC were left untreated (UT) or incubated with HPP or IP at 1000 µM for 3, 
6 or 24 hours. (A) HO-1 expression was detected by western blot. (B, C & D) Densitometry 
results shown are mean ± SEM of the relative expression of HO-1: β-actin from 7 healthy 
donors. Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post 
hoc test, was used to determine statistical significance by comparing means of treatment 
groups against the mean of the control group (** p < 0.01, *p < 0.05). ImageLab (Bio-Rad) 
software was used to perform densitometric analysis.  
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Figure 3.7 HPP and IP activate Nrf2 in human DC. 
Primary human DC were left untreated (UT) or incubated with HPP or IP at 1000 µM for 6 
(A & B) or 24 hours (C & D). Nrf2 expression was measured by western blot. Densitometry 
results shown are mean ± SEM of the relative expression of Nrf2: β-actin from 5 healthy 
donors. Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post 
hoc test, was used to determine statistical significance by comparing means of treatment 
groups against the mean of the control group (** p < 0.01, *p < 0.05). ImageLab (Bio-Rad) 
software was used to perform densitometric analysis.  
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Figure 3.8 IP and HPP upregulate additional Nrf2-controlled genes in human DC. 
Primary human DC were left untreated (UT) or incubated with IP (A & C) or HPP (B & D) at 
1000 µM for 6 or 24 hours. mRNA expression of the Nrf2-dependent genes NQO-1 (A & B) 
and GSR (C & D) were measured by RT-PCR. Results show mean (±SEM) for 6 healthy 
donors. Two-way ANOVA, with Šídák's multiple comparisons post hoc test, was used to 
determine statistical significance (**** p < 0.0001, *** p < 0.001, ** p < 0.01, *p < 0.05).  
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Figure 3.9 The Nrf2 inhibitor, ML385, is non-toxic to human DC. 
Primary human DC were left untreated (UT) or incubated with ML385 (10 μM) for 24 hours. 
Cells were stained for viability using FixVia efluor506. Debris was excluded by gating, and 
viable cells were defined as FixVia efluor506-. (A) Dot plots depicting FixVia efluor506 
expression from one representative experiment. (B) Pooled data showing the mean (± 
SEM) of viable cells as a percentage from 4 healthy donors. 
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Figure 3.10 HPP and IP induce HO-1 through Nrf2 activation in human DC. 
Primary human DC were pre-treated either with or without the Nrf2 inhibitor ML385 (10 
µM) for 1 hour, prior to incubation with (B) IP or (C) HPP at 1000 µM for 24 hours. (A) HO-
1 expression was measured by western blot. (B & C) Densitometry results shown are mean 
± SEM of the relative expression of HO-1: β-actin from 5 healthy donors. Repeated 
measures one-way ANOVA, with Šídák's multiple comparisons post hoc test, was used to 
determine statistical significance by comparing means of pre-selected pairs (** p < 0.01, 
*p < 0.05).  
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Figure 3.11 IP and HPP increase the antioxidant capacity of human DC. 
Primary human DC were left untreated (UT) or incubated with HPP or IP (both 1000 µM), 
or carnosol or curcumin (both 10 µM) for 1 hour. Total antioxidant capacity of the cells was 
determined and expressed as equivalent concentration of Trolox (µM). Pooled data 
showing the mean (± SEM) from 5 healthy donors. Repeated measures one-way ANOVA, 
with Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group (** p < 0.01, *p < 0.05).  
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Figure 3.12 IP, but not HPP, treatment causes autofluorescence in human DC after 24 
hours. 
Primary human DC were left untreated (UT) or incubated with HPP or IP (1000 μM) for 24 
hours. Samples were analysed on all channels of a BD FACS Canto II without staining. 
Histograms showing fluorescence of samples compared to untreated control.  
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Figure 3.13 IP, but not HPP, induces ROS production in human DC. 
Primary human DC were left untreated (UT) or incubated with (A) IP or (B) HPP (both 1000 
µM) for 1, 3, 6, 12 or 24 hours. Cells were stained with CellRox to examine ROS production 
and analysed by flow cytometry. Pooled data showing the mean (± SEM) MFI expressed as 
a percentage of control, from 4 healthy donors. Repeated measures one-way ANOVA, with 
Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group (*p < 0.05).  
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Figure 3.14 The increase in ROS production upon IP treatment is not due to 
autofluorescence. 
Primary human DC were left untreated (UT) or incubated with IP  (1000 µM) for 1, 3, 6, 12 
or 24 hours. Cells were either stained with CellRox or left unstained, and analysed by flow 
cytometry. Pooled data showing the mean (± SEM) MFI from 3 healthy donors. Repeated 
measures one-way ANOVA, with Šídák's multiple comparisons post hoc test, was used to 
determine statistical significance by comparing means of pre-selected pairs (*** p < 0.001, 
*p < 0.05).  
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Figure 3.15 IP and HPP upregulate CYP1A1 in human DC. 
Primary human DC were left untreated (UT) or incubated with IP or HPP at 1000 µM for (A) 
6 or (B) 24 hours. mRNA expression of CYP1A1 was measured by RT-PCR. Results show 
mean (±SEM) for 6 healthy donors. Repeated measures one-way ANOVA, with Dunnett’s 
multiple comparisons post hoc test, was used to determine statistical significance by 
comparing means of treatment groups against the mean of the control group (*p < 0.05).  
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Figure 3.16 LPS stimulation moderately reduces ketoacid-induced HO-1 expression in 
human DC. 
Primary human DC were left untreated (UT) or incubated with IP (1000 µM) for 6 hours 
prior to stimulation with LPS (100 ng/ml) for 24 hours. (A) HO-1 expression was detected 
by western blot. (B & C) Densitometry results shown are mean ± SEM of the relative 
expression of HO-1: β-actin from 5 healthy donors. ImageLab (Bio-Rad) software was used 
to perform densitometric analysis. Repeated measures one-way ANOVA, with Šídák's 
multiple comparisons post hoc test, was used to determine statistical significance by 
comparing means of pre-selected pairs (** p < 0.01).  
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Figure 3.17 IP reduces the production of pro-inflammatory cytokines, and increases IL-
10 production, in LPS-stimulated human DC. 
Primary human DC were left untreated (UT) or incubated with IP (500-1000 µM) for 6 hours 
prior to stimulation with LPS (100 ng/ml) for 24 hours. Cell supernatants were assessed for 
(A) TNF, (B) IL-6, (C) IL-23, (D) IL-12p70, and (E) IL-10 secretion by ELISA. Pooled data 
depicts mean (±SEM) cytokine concentrations for 4-7 healthy donors (means of three 
technical replicates per donor). Repeated measures one-way ANOVA, with Dunnett’s 
multiple comparisons post hoc test, was used to determined statistical significance, by 
comparing means of treatment groups against the mean of the control group (*p < 0.05). 
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Figure 3.18 HPP reduces the production of pro-inflammatory cytokines in LPS-
stimulated human DC. 
Primary human DC were left untreated (UT) or incubated with HPP (500-1000 µM) for 6 
hours prior to stimulation with LPS (100 ng/ml) for 24 hours. Cell supernatants were 
assessed for (A) TNF, (B) IL-6, (C) IL-23, (D) IL-12p70, and (E) IL-10 secretion by 
ELISA. Pooled data depicts mean (±SEM) cytokine concentrations for 5-6 healthy donors 
(means of three technical replicates per donor). Repeated measures one-way ANOVA, with 
Dunnett’s multiple comparisons post hoc test, was used to determined statistical 
significance, by comparing means of treatment groups against the mean of the control 
group (** p < 0.01, *p < 0.05). 
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Figure 3.19 HPP and IP reduce pro-IL-1β expression in BMDM, while HPP moderately 
reduces pro-IL-1β expression in human DC. 
(A) BMDM left untreated (UT) or incubated with IP, HPP or PP (1000 µM) for 30 minutes 
prior to stimulation with LPS for 24 hours. (C) Primary human DC were left UT or incubated 
with IP or HPP (1000 µM) for 6 hours prior to stimulation with LPS (100 ng/ml) for 24 hours. 
(A & C) Pro-IL-1β expression was measured by western blot. (B) Densitometry results 
shown are mean ± SEM of the relative expression of HO-1: β-actin from 3 individual 
experiments. (C & D) Densitometry results shown are mean ± SEM of the relative 
expression of HO-1: β-actin from 5 healthy DC donors. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determined 
statistical significance, by comparing means of treatment groups against the mean of the 
control group (** p < 0.01, *p < 0.05).  

UT IP HPP LPS IP HPP
+LPS

Pro-IL-1β

β-actin

C

D

UT IP LPS IP
0

2

4

6

8

R
el

at
iv

e 
ex

pr
es

si
on

+ LPS

0.1087

0.0645

0.8809

UT HPP LPS HPP
0

2

4

6

8

R
el

at
iv

e 
ex

pr
es

si
on

+ LPS

0.1087

0.0932

0.0866E

Pro-IL-1β

β-actin

UT IP HPP PP LPS IP HPP PP
+ LPSA

UT IP HPP PP LPS IP HPP PP
0

2

4

6

8

R
el

at
iv

e 
ex

pr
es

si
on

✱

✱ ✱

✱✱

+ LPS

p = 0.06

p = 0.08

B



 94 

 

 
Figure 3.20 HPP treatment reduces expression of maturation markers in LPS-stimulated 
human DC. 
Primary human DC were left untreated (UT) or incubated with HPP (500-1000 µM) for 6 
hours prior to stimulation with LPS (100 ng/ml) for 24 hours. Cells were stained for CD40, 
CD80, CD86 and CD83 and analysed by flow cytometry. (A) Histograms showing the 
expression of maturation markers for HPP-treated LPS-stimulated DC compared to 
unstimulated cells or LPS stimulation alone from one representative experiment. (B) 
Pooled data showing the mean (± SEM) MFI for each marker expressed as percentage of 
control (LPS stimulation alone), from 6-7 healthy donors. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (** p < 0.01, *p < 0.05). 
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Figure 3.21 HPP treatment maintains the phagocytic capacity of LPS-stimulated human 
DC. 
Primary human DC were left untreated (UT) or incubated with HPP (500-1000 µM) for 6 
hours prior to stimulation with LPS (100 ng/ml) for 24 hours. DC were incubated with FITC 
conjugated DQ-Ovalbumin (DQ-Ova; 500 ng/ml) for 20 minutes and were immediately 
acquired by flow cytometry. (A) Dot plots depicting DQ-Ova uptake from one 
representative experiment. (B) Pooled data showing the mean (± SEM) DQ-Ova uptake as 
a percentage of total cells from 9 healthy donors. Repeated measures one-way ANOVA, 
with Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group (*** p < 0.001, ** p < 0.01, *p < 0.05).  
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Figure 3.22 LPS stimulation increases glycolytic metabolism in time dependent manner 
in human DC. 
Primary human DC were stimulated with LPS (100 ng/ml) for 6, 12 or 24 hours. The 
extracellular acidification rate (ECAR) was measured using a Seahorse XFe96 analyser 
before and after the injections of oligomycin (1 mM), FCCP (1 mM), antimycin A (500 nM), 
and rotenone (500 nM), and 2-DG (25 mM). Bioenergetic profiles from one representative 
experiment depicting (A) ECAR measurements over time. Pooled data (n = 3) depicts the 
calculated mean (± SEM) of (B) basal glycolytic rate, (C) max glycolytic rate and (D) 
glycolytic reserve for each treatment group. Repeated measures one-way ANOVA, with 
Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group. P values are shown on the graphs. 
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Figure 3.23 LPS stimulation increases respiration in time dependent manner in human 
DC. 
Primary human DC were stimulated with LPS (100 ng/ml) for 6, 12 or 24 hours. The oxygen 
consumption rate (OCR) was measured using a Seahorse XFe96 analyser before and after 
the injections of oligomycin (1 mM), FCCP (1 mM), antimycin A (500 nM), and rotenone 
(500 nM), and 2-DG (25 mM). Bioenergetic profiles from one representative experiment 
depicting (A) OCR measurements over time. Pooled data (n = 3) depicts the calculated 
mean (± SEM) of (B) basal respiratory rate, (C) max respiratory rate, and (D) respiratory 
reserve for each treatment group. Repeated measures one-way ANOVA, with Dunnett’s 
multiple comparisons post hoc test, was used to determine statistical significance by 
comparing means of treatment groups against the mean of the control group. P values are 
shown on the graphs.  
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Figure 3.24 LPS-stimulated human DC favour glycolysis over oxidative phosphorylation. 
Primary human DC were stimulated with LPS (100 ng/ml) for 6, 12 or 24 hours. The basal 
extracellular acidification rate (ECAR) and basal oxygen consumption rate (OCR) were 
measured using a Seahorse XFe96 analyser. Pooled data (n = 3) depicts the calculated mean 
(± SEM) of ECAR:OCR for each treatment group. Repeated measures one-way ANOVA, with 
Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group. P values are shown on the graphs.  
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Figure 3.25 IP and HPP treatment reduces glycolysis in LPS-stimulated human DC. 
Primary human DC were pre-treated with either HPP or IP at 1000 µM for 6 hours before 
stimulation with LPS (100 ng/ml) for 12 hours. The extracellular acidification rate (ECAR) 
was measured using a Seahorse XFe96 analyser before and after the injections of 
oligomycin (1 mM), FCCP (1 mM), antimycin A (500 nM), and rotenone (500 nM), and 2-DG 
(25 mM). Bioenergetic profiles from one representative experiment depicting (A) ECAR 
measurements over time. Pooled data (n = 6) depicts the calculated mean (± SEM) of (B) 
basal glycolytic rate, (C) max glycolytic rate and (D) glycolytic reserve for each treatment 
group. Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post 
hoc test, was used to determine statistical significance by comparing means of treatment 
groups against the mean of the control group (** p < 0.01, *p < 0.05).  
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Figure 3.26 IP and HPP treatment have no effect on respiration in LPS-stimulated 
human DC. 
Primary human DC were pre-treated with either HPP or IP at 1000 µM for 6 hours before 
stimulation with LPS (100 ng/ml) for 12 hours. The oxygen consumption rate (OCR) was 
measured using a Seahorse XFe96 analyser before and after the injections of oligomycin (1 
mM), FCCP (1 mM), antimycin A (500 nM), and rotenone (500 nM), and 2-DG (25 mM). 
Bioenergetic profiles from one representative experiment depicting (A) OCR 
measurements over time. Pooled data (n = 6) depicts the calculated mean (± SEM) of (B) 
basal respiratory rate, (C) max respiratory rate, and (D) respiratory reserve for each 
treatment group. Repeated measures one-way ANOVA, with Dunnett’s multiple 
comparisons post hoc test, was used to determine statistical significance by comparing 
means of treatment groups against the mean of the control group (*p < 0.05).  
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Figure 3.27  IP and HPP treatment have no effect on the ECAR:OCR of LPS-stimulated 
human DC. 
Primary human DC were pre-treated with either HPP or IP at 1000 µM for 6 hours before 
stimulation with LPS (100 ng/ml) for 12 hours.  The basal extracellular acidification rate 
(ECAR) and basal oxygen consumption rate (OCR) were measured using a Seahorse XFe96 
analyser. Pooled data (n = 6) depicts the calculated mean (± SEM) of ECAR:OCR for each 
treatment group.  
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Figure 3.28 IP and HPP treated human DC primarily derive their ATP from oxidative 
phosphorylation. 
Primary human DC were pre-treated with either HPP or IP at 1000 µM for 6 hours before 
stimulation with LPS (100 ng/ml) for 12 hours. The extracellular acidification rate (ECAR), 
oxygen consumption rate (OCR), and proton efflux rate (PER) were measured using a 
Seahorse XFe96 analyser before and after the injections of oligomycin (1 mM), FCCP (1 
mM), antimycin A (500 nM), and rotenone (500 nM), and 2-DG (25 mM). Pooled data (n = 
6) depicts the calculated mean (± SEM) of the ATP production rate, and the average 
percentages attributed to ATP derived from glycolysis or ATP derived from mitochondria. 
Two-way ANOVA, with Šídák's multiple comparisons post hoc test, was used to determine 
statistical significance. (**** p < 0.0001: denotes differences for %Glyco ATP compared to 
control, #### p < 0.0001: denotes differences for %Mito ATP compared to control. P = 0.05 
denotes differences for %Glyco ATP compared to control).  
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Figure 3.29 HPP-treated human DC favour engagement of oxidative phosphorylation 
over glycolysis. 
Primary human DC were pre-treated with HPP at 1000 µM for 6 hours before stimulation 
with LPS (100 ng/ml) for 12 hours. (A) FLIM images of DC measuring intracellular NADH. 
(B) Pooled data (n = 4) depicts the mean (± SEM) of the ratio of bound:free NADH, 
represented by the 𝜏 average. Repeated measures one-way ANOVA, with Dunnett’s 
multiple comparisons post hoc test, was used to determine statistical significance by 
comparing means of treatment groups against the mean of the control group (*p < 0.05).  
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Figure 3.30 IP and HPP treatment reduces expression of HK2 in LPS-stimulated human 
DC. 
Primary human DC were pre-treated with either (B) IP or (C) HPP at 1000 µM for 6 hours 
before stimulation with LPS (100 ng/ml) for 12 hours. (A) HK2 expression was measured by 
western blot. (B & C) Densitometry results shown are mean ± SEM of the relative 
expression of HK2: β-actin from 5-7 healthy donors. Repeated measures one-way ANOVA, 
with Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group (** p < 0.01, *p < 0.05). ImageLab (Bio-Rad) software was used to perform 
densitometric analysis.  
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Figure 3.31 IP and HPP treatment moderately reduces the phosphorylation of the 
protein S6 in LPS-stimulated human DC. 
Primary human DC were pre-treated with either (B) IP or (C) HPP at 1000 µM for 15 minutes 
before stimulation with LPS (100 ng/ml) for 1 hour. (A) Phosphorylation of S6 was 
measured by western blot. (B & C) Densitometry results shown are mean ± SEM of the 
relative expression of pS6: β-actin from 4 healthy donors. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05). ImageLab (Bio-Rad) software was used to perform densitometric 
analysis.  
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Figure 3.32 HPP and IP phosphorylate and activate AMPK in human DC. 
Primary human DC were left untreated (UT) or incubated with IP or HPP at 1000 µM for 15 
minutes. (A) Phosphorylation of AMPK was measured by western blot. (B & C) 
Densitometry results shown are mean ± SEM of the relative expression of p-AMPK: β-actin 
from 4 healthy donors. A paired T test was used to determined statistical significance. (*p 
< 0.05). ImageLab (Bio-Rad) software was used to perform densitometric analysis.  
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Figure 3.33 IP and HPP activate p62 in human DC. 
Primary human DC were left untreated (UT) or incubated with IP or HPP at 1000 µM for (B) 
6, (C) 12 or (D) 24 hours. (A) Expression of p62 was measured by western blot. (B, C & D) 
Densitometry results shown are mean ± SEM of the relative expression of p62: β-actin from 
5 healthy donors. Repeated measures one-way ANOVA, with Dunnett’s multiple 
comparisons post hoc test, was used to determine statistical significance by comparing 
means of treatment groups against the mean of the control group (** p < 0.01, *p < 0.05). 
ImageLab (Bio-Rad) software was used to perform densitometric analysis.  
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Figure 3.34 IP and HPP activate LC3-II in human DC. 
Primary human DC were left untreated (UT) or incubated with IP or HPP at 1000 µM for (B) 
6, (C) 12 or (D) 24 hours. (A) Expression of LC3 was measured by western blot. (B, C & D) 
Densitometry results shown are mean ± SEM of the relative expression of LC3 II: β-actin 
from 6 healthy donors. Repeated measures one-way ANOVA, with Dunnett’s multiple 
comparisons post hoc test, was used to determine statistical significance by comparing 
means of treatment groups against the mean of the control group (*** p < 0.001, *p < 
0.05). ImageLab (Bio-Rad) software was used to perform densitometric analysis.  
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3.4 Discussion 

 

Despite many advances in the field of study of autoimmune/inflammatory disease, there 

is still an urgent need for novel anti-inflammatory therapies, with increased long-term 

efficacy, tolerability, and less adverse side effects. It is well known that many pathogens, 

including parasites, suppress host immune responses to establish latency and/or maintain 

persistent infection [295–300], and there has been increased interest in recent years in 

exploiting parasite-derived products for therapeutic benefit [301–304]. Like most 

pathogens, the parasite T. brucei, which causes sleeping sickness, has evolved numerous 

strategies to evade the host immune response [252,305,306] and recent studies have 

identified aromatic ketoacids secreted by trypanosomes as mediators of some of these 

effects [255,256,259]. This study was carried out to assess the effect of ketoacids in human 

immune cells in order to gain further insight into their therapeutic potential. 

 

HO-1 induction has been observed in other parasitic infections such as Leishmania Chagasi, 

Fasciola hepatica and Plasmodium infection, and it was hypothesised that ketoacids 

produced during T. brucei infection may induce HO-1 as a means of dampening host 

immune responses [286–288]. Indeed, results from our laboratory demonstrated that the 

secretome of T. brucei causes a potent upregulation of HO-1 in murine immune cells and 

this effect is inhibited when the enzyme responsible for ketoacid production is deleted 

[256]. Early experiments in this chapter confirmed that IP and HPP can activate Nrf2 and 

induce HO-1 in BMDM, however the main focus of this chapter was human DC, which are 

key antigen presenting cells and, as discussed previously, HO-1 is of particular importance 

in DC, where it promotes a more tolerogenic phenotype [265,266,269]. Results 

demonstrate that IP and HPP are capable of inducing HO-1 (in addition to NQO-1 and GSR) 

in primary human DC in both a time and concentration dependent manner. Furthermore, 

the expression of HO-1 was found to be, at least partially, dependent on the transcription 

factor, Nrf2.  

 

It was of interest to determine how the ketoacids may be activating the Nrf2/HO-1 

pathway. Given that Nrf2 is activated during oxidative stress, experiments were carried out 
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to determine if the ketoacids alter the redox state of DC. Carnosol and curcumin are 

phytochemicals which are well established antioxidants and inducers of HO-1 

[196,269,307,308]. Both of these compounds were confirmed to increase the total 

antioxidant capacity of DC after 1 hour. The ketoacids were also found to increase the 

antioxidant capacity of DC, and did so to a greater extent, indicating that they may 

themselves function as antioxidants at early time-points. Antioxidants such as resveratrol 

and quercetin (also HO-1 inducers), inactivate free radicals through the donation of 

hydrogen atoms in a process known as hydrogen atom transfer (HAT) [309,310]. This 

results in the delocalisation of unpaired electrons on the free radicals, therefore increasing 

their stability [309,310]. This method of action is common in antioxidants containing 

hydroxyl groups, and may explain at least how HPP, which contains a hydroxyl group, 

functions as an antioxidant.  

 

In addition to assessing the antioxidant capacity of the ketoacids, it was important to 

determine if the ketoacids can drive cellular ROS, as this can also lead to Nrf2 activation. 

Specifically, Nrf2 is activated by oxidative stress when cysteine residues on KEAP1 are 

modified by free radicals, releasing Nrf2 and allowing it to translocate to the nucleus to 

induce expression of antioxidant genes [109,110,311]. Interestingly, IP and HPP may differ 

in their mechanism of activation of Nrf2, as IP, but not HPP, significantly increased ROS 

production in DC. Further experiments are therefore required to determine if IP alters thiol 

groups on KEAP1. Of note, the anti-inflammatory metabolite, itaconate, activates Nrf2 

through alkylation of cysteine residues on KEAP1 [312]. Mass spectrometry to assess 

cysteine alkylation will also be of benefit to gain further insight into the mechanism of Nrf2 

activation by these ketoacids.  

 

Another potential pathway to Nrf2 activation may occur via the AHR as IP was also found 

to potently induce expression of CYP1A1 in human DC. CYP1A1 expression is under control 

of the AHR, which functions as a transcription factor to control expression of the 

cytochrome P450 family of enzymes. Ligands for the AHR include tryptophan and it’s 

derivatives, which are primarily indole compounds [313]. This likely explains why IP is 

capable of activating the AHR. Indeed, it was recently demonstrated that IP is capable of 

inhibiting prostaglandin production in murine macrophages, an effect that is dependent 
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on the activation of the AHR [259].  Furthermore, the therapeutic potential of IP in a murine 

model of colitis was attributed to its ability to activate this transcription factor [258]. 

Interestingly, activation of the AHR is intrinsically linked to heme metabolism and redox 

signalling. Biliverdin and bilirubin are ligands for the AHR, while cytochrome P450 enzymes 

require heme as a cofactor. Furthermore, the AHR can directly activate Nrf2, or can do so 

indirectly via the generation of ROS by CYP1A1 [96,313–315]. It is therefore possible that 

the activation of Nrf2 by IP may be due to IP itself inducing ROS or via CYP1A1-induced ROS 

production. Finally, AHR activation is important for maintaining DC in a more tolerogenic 

state, and for increasing the differentiation of anti-inflammatory T cells [313]. While 

further study is required, it is possible that the immunomodulatory properties of the 

ketoacids outlined below involve synergistic signalling by both the AHR and Nrf2/HO-1. 

 

The secretome of T.brucei has been shown to reduce the secretion of IL-12, IL-10, IL-6 and 

TNF in both murine and human DC [263,264]. Furthermore, studies from our laboratory 

have demonstrated that IP and HPP are capable of reducing pro-inflammatory cytokines in 

murine immune cells [255,256]. In this study, both IP and HPP were shown to significantly 

reduce the secretion of a number of pro-inflammatory cytokines, including TNF, IL-6, IL-12 

and IL-23 in LPS-stimulated human DC. Some species specific differences may occur as the 

ketoacids had no effect on TNF secretion in murine glia, and were incapable of inhibiting 

TNF or IL-6 secretion in murine BMDM [255,256]. These results indicate that the 

suppression of cytokines by DC may be of particular importance in dampening the host 

immune response during T.brucei infection. Furthermore, IP treatment significantly 

increased the secretion of the anti-inflammatory cytokine IL-10, while HPP treatment also 

trended towards an increase in production of this cytokine. Previous studies have 

described an important link between IL-10 expression and HO-1 induction, with HO-1 

identified as a downstream effector of IL-10 [129,130,266]. HO-1 expression was 

upregulated in macrophages upon administration of IL-10 both in vitro and in vivo, while 

inhibition of HO-1 suppressed the protective effects of IL-10 in LPS-stimulated 

macrophages and in an in vivo murine model of LPS-induced septic shock [130]. While it is 

very clear that Nrf2 is involved in the induction of HO-1 by the ketoacids, it is also possible 

that ketoacid-induced IL-10 may be contributing to the upregulation of HO-1 in human DC. 

Future studies, for example, using IL-10 deficient cells or IL-10 blocking antibodies, are 
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required to confirm if this is indeed the case. Interestingly, both IP and HPP were capable 

of reducing pro-IL-1β expression in murine BMDM, however while HPP reduced expression 

of this protein in human DC, IP had no effect. IL-1β is regulated through a number of 

signalling pathways, for example by HIF-1α and NF-κB, therefore future studies 

investigating the effect of ketoacid treatment on these regulators will provide further 

insight into these differences.  

 

When DC undergo maturation, they switch from being a phagocytosing cell scavenging for 

antigen, to a cell prepared for antigen presentation [8]. This results in increased expression 

of maturation and co-stimulatory markers, and decreased phagocytic capabilities [8]. The 

secretome of T.brucei has been shown to reduce a number of maturation and co-

stimulatory markers in both murine and human DC [263,264], therefore it was of interest 

to investigate if the ketoacids are exerting a similar effect. Results demonstrate that HPP-

treatment of LPS-stimulated DC results in reduced expression of maturation and co-

stimulatory markers, and an increased capacity for antigen uptake, as assessed using DQ-

Ova as a model antigen. This impact on DC phenotype may be a direct result of the HO-1 

upregulated by the ketoacids, as HO-1 induction promotes tolerogenic DC [265,266,268–

270]. It was not possible to study these effects using IP given its intrinsic autofluorescence 

and further studies using alternative readouts are required to fully explore the impact of 

this ketoacid on DC maturation.  

 

A switch in the metabolic profile of DC is also an important characteristic as these cells 

change from immature phagocytosing cells, to activated, mature cells. The majority of 

studies investigating DC metabolism have been carried out in murine cells, and have 

demonstrated  that the cells upregulate glycolysis while simultaneously downregulating 

oxidative phosphorylation [56,316–318]. On the other hand, human DC stimulated with 

LPS appear to upregulate both glycolysis and oxidative phosphorylation temporally 

[134,319]. The results in this chapter support previous findings that LPS stimulation 

increases both glycolysis and oxidative phosphorylation in a time-dependent manner 

[134,319], with a general return to baseline by 24 hours. Despite the increase in both 

pathways, the stimulated cells favour glycolysis, as demonstrated by an the increase in the 

ECAR:OCR ratio. This increase in glycolytic metabolism is important to rapidly generate 
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sufficient energy and building blocks required to fight infection [43]. However, this 

phenomenon is also a feature of pathogenic immune cells, and a significant effort is 

underway to determine if controlling/preventing dysregulated metabolic reprogramming 

can serve to ameliorate detrimental immune cell activation during disease. Therefore, 

there is increased interest in therapies which modulate metabolic reprogramming as part 

of their mechanism of action. As both ketoacids investigated were capable of maintaining 

DC in a more immature, tolerogenic state, it was hypothesised they may be exerting some 

effects on the metabolic pathways engaged by the cells. Both IP and HPP decreased the 

max glycolysis and glycolytic reserve of DC, and had no significant effect on their 

respiration. These results indicate that the ketoacids can downregulate glycolysis in 

stimulated DC. This is in line with previous work demonstrating that IP downregulates 

glycolysis in LPS-stimulated BMDM [255]. Interestingly HPP had no effect on the glycolytic 

state of LPS-stimulated BMDM [255], however, it did inhibit glycolysis in LPS-stimulated 

RAW 264.7 macrophages [320], albeit at a higher concentration than used in this study. 

Despite not observing an increase in engagement of oxidative phosphorylation when 

conducting Seahorse experiments, FLIM analysis demonstrated that HPP-treated cells 

favour the engagement of oxidative phosphorylation over glycolysis. As before, it was not 

possible to examine IP using this technique due to autofluorescence issues. In order to 

ascertain what may be causing the reduction in glycolysis in ketoacid-treated cells, the 

expression of hexokinase 2 (the rate-limiting enzyme in glycolysis) was examined. IP and 

HPP were capable of reducing, but not completely abrogating, the expression of HK2. This 

low level of HK2 may allow for normal glycolytic function under basal conditions, however, 

upon incubation with oligomycin and the associated change in ATP:ADP ratio, the cells are 

unable to increase their glycolytic function further. This would however allow for a 

decrease in the max glycolysis and glycolytic reserve. These results are in line with the 

notion that metabolism is intricately linked with immune cell activation, and that 

downmodulation of glycolysis in immune cells promotes a more tolerogenic phenotype.  

 

AMPK, a key cellular energy sensor, and mTOR, a master regulator of cellular growth and 

nutrient sensing, appear to play opposing roles in the metabolism of immune cells. mTOR 

functions as part of the mTORC1 complex and is required for protein synthesis, which is 

important for cellular growth and proliferation [321,322]. Generally, increased levels of 
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mTORC1 are associated with increased anabolic pathways including glycolysis and FAS, 

which are in turn important for antigen presentation and proliferation of activated immune 

cells [322]. On the other hand, AMPK is activated when ATP becomes limited in the cell and 

is associated with the induction of autophagy [323] and upregulation of catabolic 

pathways, including FAO [43,49]. Activation of AMPK results in inhibition of mTORC1 and 

is also associated with suppression of inflammatory responses. For example, AMPK 

activation has been shown to attenuate pro-inflammatory cytokine production and DC 

maturation [279,317]. In this study, IP and HPP treatment were shown to inhibit mTOR and 

activate AMPK in human DC (as assessed by decreased phosphorylation of S6 and increased 

phosphorylation of AMPK). Interestingly, activation of AMPK has also been linked to Nrf2 

activation and induction of HO-1 in many cell types, including human DC [131–136]. 

Therefore, the activation of AMPK by ketoacids may also contribute to the upregulation of 

HO-1 in this cell type. However, further work is required to confirm this, for example 

through the use of the AMPK inhibitors. Indeed, attempts were made to assess this using 

Compound C (an AMPK inhibitor), however toxicity issues prevented any meaningful 

analysis (data not shown).  

 

As well as controlling metabolic pathways, mTOR and AMPK are also important for 

controlling activation of autophagy. Autophagy is an important cellular process required 

for removal or recycling of cellular components if they are dysfunctional, no longer needed, 

or their breakdown is required to generate energy. Autophagy is a complex process which 

can be initiated by activation of AMPK and inhibition of mTOR, however it is continuously 

occurring at basal levels in a cell in a cyclical fashion. Given the observed increase in AMPK 

activation by the ketoacids, it was important to assess additional autophagy-related 

proteins. Both IP and HPP increased levels of p62 and LC3-II in DC, indicating potential 

activation of the autophagy pathway. Interestingly, autophagy activation has been shown 

to inhibit IL-1b production by targeting its pro form for degradation [81–83], therefore 

activation of autophagy-related proteins may contribute to the observed inhibition of pro-

IL-1β in DC by HPP. Autophagy activation has also been linked to induction of a more 

tolerogenic DC phenotype [80]. Notably, p62 also plays a crucial role in the activation of 

Nrf2 [282–284]. Nrf2 is activated upon release from KEAP1, which can occur when p62 

sequesters KEAP1, targeting it for degradation and allowing Nrf2 to translocate to the 
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nucleus [282–284]. Therefore, the activation of p62 by both ketoacids, but in particular IP, 

may be responsible for the subsequent activation of Nrf2, and therefore HO-1 induction, 

by these ketoacids.  

 

In conclusion, the results presented in this chapter demonstrate that not only do T.brucei-

secreted aromatic ketoacids serve as mediators of immune evasion in human DC, but may 

also represent potential anti-inflammatory therapies for the treatment of 

autoimmune/inflammatory diseases. These compounds are capable of suppressing pro-

inflammatory DC responses, through the induction of HO-1, increased secretion of IL-10 

and decreased DC maturation and glycolysis. They do so via activation of the transcription 

factor Nrf2, and a number of potential, and possibly parallel, pathways leading to its 

activation are outlined in the model below (Figure 3.35). While further research is required, 

these ketoacids represent exciting novel HO-1 inducers with intriguing therapeutic 

potential.    
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Figure 3.35 Model outlining the immunomodulatory effects of trypanosome-derived 
ketoacids and potential mechanism of action. 
Culturing of human DC with IP or HPP leads to phosphorylation of AMPK and potential 
activation of the autophagy pathway. IP and HPP also activate CYP1A1, which potentially 
leads to generation of ROS. p62 and ROS activate Nrf2, leading to induction of antioxidant 
genes including HO-1. HO-1 may or may not be (dashed arrow) directly responsible for the 
immunomodulatory effects of the ketoacids in DC, including inhibition of glycolysis and 
activation of oxidative phosphorylation, inhibition of maturation marker expression, 
enhanced phagocytosis and inhibition of pro-inflammatory cytokine production. 
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Chapter 4:  

Immunomodulatory properties of T. brucei-

derived ketoacids in human T cells 
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4.1 Introduction 

 

T cells, in particular Th1 and Th17 cells, are commonly implicated in the pathogenesis of 

many autoimmune and inflammatory diseases. On the other hand, Tregs are important for 

downregulating inflammatory immune responses and maintaining homeostasis. 

Therefore, an imbalance between these cell types favouring Th1/Th17 cells can lead to 

prolonged and chronic inflammation. Several therapies targeting pathogenic T cells have 

been, or are being, developed, and include a number of biologics targeting specific T cell 

subsets and/or their cytokines. For example, ustekinumab, a monoclonal antibody 

targeting the p40 subunit of IL-12 and IL-23, indirectly inhibits Th1 and Th17 cells, and 

provides therapeutic benefit in some psoriasis patients, although it is less efficacious in MS 

patients [40,41]. The monoclonal antibody guselkumab, which targets IL-23, has 

demonstrated efficacy for the treatment of psoriasis and psoriatic arthritis [324,325]. 

Secukinumab, a monoclonal antibody which targets IL-17A, has been shown to improve 

symptoms in patients with psoriasis and psoriatic arthritis [35,36], while adalimumab, an 

anti-TNF agent, has been shown to induce remission in patients with IBD, RA and psoriasis 

[326–328]. Abatacept, an immune checkpoint inhibitor, which functions by binding to 

CD80 and CD86 on APC, preventing the activation of T cells through these co-stimulatory 

markers, has also demonstrated therapeutic efficacy in RA patients [329]. Therefore, there 

is solid rationale to support the use of anti-inflammatory therapies that target both DC and 

T cells, in order to limit inappropriate inflammation induced by these cell types. 

 

IBD is an umbrella term used to describe two conditions; UC and CD. Both conditions are 

characterised by chronic relapsing inflammation of the gastrointestinal tract, but despite 

their similarities, they differ in disease phenotype. For example, the inflammation 

observed in UC is localised to the colon, while CD can affect any part of the GI tract 

[168,330]. The type of inflammation also differs between these conditions; CD presents 

with areas of patchy, discontinuous, transmural inflammation, whereas UC typically 

presents with continuous, superficial inflammation, beginning in the rectum and extending 

proximally through the colon [168,330]. Unsurprisingly, there is strong evidence to support 

the involvement of the immune system in the pathogenesis of IBD, with high levels of pro-
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inflammatory cytokines (including IL-6, IL-23, IL-12 and TNF) and Th1/Th17 cells observed 

in the gut of affected individuals [331]. Uncontrolled activation of mucosal APC, T cells, and 

innate lymphoid cells leads to the production of pro-inflammatory cytokines that can 

promote persistent and chronic inflammation in the gastrointestinal tract.  Classically, CD 

is described as a Th1 type immune response characterised by the secretion of APC-derived 

IL-12 and TNF, and Th1 cell derived IFNg [331]. In contrast, UC is viewed similar to an 

atypical Th2 type immune response which generates high levels of IL-5, IL-4, and IL-13 

[331]. In addition, several studies have implicated the Th17 associated cytokines (i.e. IL-23, 

IL-22, and IL-6,) as well as IL-17 itself in the pathogenesis of both diseases [331–333]. The 

genetic risk factors associated with IBD are also directly linked to the immune system. For 

example, polymorphisms have been identified in genes linked to the IL-23/Th17 pathway 

as well as NOD2 and IL-10 signalling [85,168] 

 

Trypanosome-derived ketoacids have not been extensively studied in adaptive immune 

cells, however an important study from Aoki et al. recently demonstrated that the aromatic 

ketoacid, IP, reduced disease severity in the acute murine colitis model and this was 

accompanied by a decrease in the expression of pro-inflammatory cytokines IL-12, IFNg, 

TNF and IL-1β. Furthermore, a reduction in Th1 cells was observed and there was a reduced 

capacity for DC to activate T cells. IP was also found to increase the frequency of Tregs and 

increase expression of anti-inflammatory cytokine, IL-10 [258]. This suggests that aromatic 

ketoacids may have therapeutic potential for the treatment of conditions such as IBD. 

There is however limited research supporting this, with no evidence to date assessing their 

effect on human T cells responses. Therefore, the main aim of this chapter is to investigate 

the effects of ketoacids on T cells from healthy donors, as well as PBMC from individuals 

with IBD.  

 

4.2 Aims 

 

• To assess the effects of ketoacid-treated DC on the activation and proliferation of 

CD4+ T cells. 
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• To determine if ketoacid-treated DC can skew CD4+ T cells to a less inflammatory 

phenotype by increasing Tregs or inhibiting pro-inflammatory cytokines. 

• To investigate ketoacid treatment as a potential therapeutic for IBD using ex vivo 

stimulated PBMC from patients with IBD.  
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4.3 Results 

 

4.3.1 HPP treated DC have a reduced capacity to activate allogeneic CD4+ T 

cells. 

Mature DC are typically responsible for the activation of naïve T cells, and can skew them 

to a more pro-inflammatory phenotype, which is desired in cases of infection, but can be 

detrimental in cases of autoimmune disease [23]. In addition to antigen presentation and 

cytokine production, the expression of maturation and co-stimulatory markers on DC is 

required for the full activation of T cells. As demonstrated in chapter 3, along with reducing 

the secretion of pro-inflammatory cytokines, HPP treatment reduced the maturation of 

LPS-stimulated DC, and while it was not possible to assess IP in these experiments, it may 

also have a similar effect. In order to determine if the reduced DC activation status that 

occurs in the presence of HPP (and possibly IP) has an impact on T cell activation, DC were 

treated with HPP or IP (both 1000 µM) for 6 hours prior to stimulation with LPS (100 ng/ml) 

for 24 hours. The cells were then incubated with allogeneic CD4+ T cells at a ratio of 10:1 

(CD4+ T cells:DC) for five days. This model assessed the ability of DC to drive T cell activation 

and differentiation of naïve T cells, since the allo-specific T cells present should all be naïve 

rather than memory T cells. The supernatants were removed for cytokine analysis by ELISA 

and cells were stimulated with PMA, ionomycin and brefeldin A for 4 hours. Expression of 

ki67, as a measure of cell proliferation, was assessed by flow cytometry in CD3+CD8− cells. 

As expected, LPS-stimulated DC increased the proliferation of T cells upon co-culture 

(Figure 4.1). However, T cells co-cultured with LPS-stimulated DC that had been pre-treated 

with HPP, showed a trend towards reduced ki67 expression when compared to T cells co-

cultured with LPS-stimulated DC alone (Figure 4.1B). Interestingly, IP-treated, LPS-

stimulated DC actually enhanced the proliferation of co-cultured T cells (Figure 4.1C). IFNg 

expression was also examined, and as expected, LPS-stimulated DC increased the 

expression of this cytokine in CD4+ T cells, while HPP treatment resulted in a trend towards 

reduced IFNg expression in co-cultured CD4+ T cells (Figure 4.2B). In contrast, and in align 

with the proliferation results highlighted above, IP pre-treatment of LPS-stimulated DC 

resulted in a trend towards increased expression of IFNg in CD4+ T cells (Figure 4.2C).  
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It was next examined if ketoacid treatment of DC has any effect on the induction of Tregs. 

In this case, Tregs are denoted as CD4+FoxP3+CD127loCD25+. Results demonstrated that 

there was an increase in the percentage of Tregs when CD4+ T cells were co-cultured with 

LPS-stimulated DC (Figure 4.3). In contrast, HPP-treatment of LPS-stimulated DC resulted 

in a trend towards reduced expression of Treg-associated markers in co-cultured CD4+ T 

cells, while IP treatment appeared to have no effect (Figure 4.3 C and D). Given that IP was 

found to increase T cell proliferation, it was hypothesised that the increase observed may 

be accounted for by the Treg population. However, comparison of ki67 expression in Treg 

versus non-Treg cells confirmed that this was not the case (Figure 4.4). Secretion of the 

anti-inflammatory cytokine, IL-10, was also examined in the supernatants from co-culture 

experiments. Interestingly, T cells co-cultured with LPS-stimulated DC pre-treated with 

HPP, exhibited a trend towards enhanced production of IL-10, when compared to T cells 

co-cultured with LPS-stimulated DC alone, p = 0.1 (Figure 4.5A). However, this effect was 

not reflected in co-culture experiments using IP-treated DC (Figure 4.5B). These results 

indicate that the ketoacids differ in their ability to modulate allogeneic T cells responses.  

 

4.3.2 Supernatants from DC treated with ketoacids reduce expression of 

IFNg in human CD4+ T cells.  

DC secrete many cytokines which play an important role in activating T cells and polarising 

them to specific effector cell subsets. For example, IL-12 is an important Th1 polarising 

cytokine, while IL-6 exposure can promote Th17 differentiation [12]. As outlined in chapter 

3, IP and HPP treatment of human DC inhibits the production of certain pro-inflammatory 

cytokines. Experiments were therefore carried out to determine if the supernatants from 

ketoacid-treated DC had an impact on CD4+ T cell phenotype. To test this, DC were pre-

treated with IP or HPP (both 500 µM) for 6 hours and then stimulated with LPS (100 ng/ml) 

for 24 hours. Supernatants were removed, diluted 1:2 with fresh media, and added to 

purified human CD4+ T cells for 4 days in the presence of anti-CD3 (1 μg/mL) and anti-CD28 

(2 μg/mL), before analysing by flow cytometry. Unstained samples were run initially to 

check if there was any endogenous autofluorescence of the ketoacids, as they were still 

present in the supernatants. Importantly, no fluorescence was detected in the unstained 
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IP or HPP treated samples when analysed in the channel used to assess viability (LD Near 

IR) or the APC channel (used to stain for IFNg expression) (Figure 4.6 A and B). However, 

fluorescence was detected in all other channels, particularly in the case of the IP-treated 

samples, and more in-depth analysis of proliferation, along with the expression of other 

cytokines (TNF, IL-2 and IL-17), was not possible (Figure 4.6). Furthermore, the viability of 

the T cells was quite low in the presence of the DC supernatants, regardless of treatment 

(Figure 4.7). It was however, possible to examine IFNg expression in the live cell population. 

As expected CD4+ T cells cultured with supernatants from LPS-stimulated DC exhibited 

increased IFNg expression when compared to CD4+ T cells cultured with supernatants from 

the untreated control (Figure 4.8). On the other hand, CD4+ T cells treated with 

supernatants from DC pre-treated with either IP or HPP prior to LPS stimulation, exhibited 

a trend towards reduced expression of IFNg (Figure 4.8). These results were similar to the 

effects shown in the co-culture model with HPP-treated cells, however in this case IP 

treatment also yielded a similar result. It should however be noted that the ketoacids may 

be having an additional direct effect on the T cells given their presence in the cell 

supernatants.  

 

4.3.3 HPP and IP autofluorescence in PBMC can be resolved when replaced 

with fresh media after 18 hours.  

Prior to conducting any experiments assessing the direct effect of the ketoacids in PBMC 

from patient samples, it was important to develop a protocol to allow for analysis of these 

samples by flow cytometry (given the issues outlined above regarding ketoacid 

autofluorescence). T cell responses are normally assessed in PBMC following 4 days of 

culture with anti-CD3 in the presence/absence of the given treatment. As expected, when 

PBMC were treated with IP and HPP (both 500-1000 µM) for 6 hours prior to stimulation 

with anti-CD3 (1 μg/mL) for 4 days, the unstained samples exhibited high levels of 

autofluorescence in most channels on the LSRFortessa flow cytometer (Figure 4.9). This 

experimental set up was therefore not suitable for meaningful analysis and modification 

of the protocol was required. After careful optimisation, it was determined that the 

following protocol was sufficient to allow for flow cytometry based analysis in certain 

channels of the LSRFortessa flow cytometer. PBMC were pre-treated with IP and HPP for 6 
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hours, prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. The media, containing the 

ketoacids was then removed, and replaced with fresh media, and the cells were stimulated 

with anti-CD3 for a further 4 days (Figure 4.10). However, some channels still detected 

autofluorescence, particularly the BV channels, therefore going forward with this 

experimental set up, antibodies had to be carefully chosen to avoid these channels.  

 

4.3.4 HPP, carnosol and curcumin, but not IP, significantly reduce viability of 

PBMC isolated from IBD patients. 

It has previously been reported that IP has powerful immune suppressive effects in a 

murine experimental colitis model [258]. In order to determine if these results translate to 

a more clinical setting, the potential immunomodulatory properties of the ketoacids were 

examined in PBMC isolated from patients with IBD. Furthermore, the known polyphenolic 

inducers of HO-1, carnosol and curcumin, were included as controls given their previously 

reported anti-inflammatory activity [269,307,308,334–336]. PBMC were incubated with IP, 

HPP, (both 250–1000 µM), carnosol or curcumin (both 5 µM) for 6 hours, prior to 

stimulation with anti-CD3 (1 μg/mL) for 12 hours. The media, containing the ketoacids or 

polyphenols, was then removed, and replaced with fresh media, and the cells were 

stimulated with anti-CD3 (1 μg/mL) for a further 4 days. Viability was examined by flow 

cytometry. IP treatment had no effect on the viability of PBMC at any concentration tested, 

however, HPP, carnosol or curcumin treatment resulted in reduced PBMC viability, 

particularly at the higher concentrations (Figure 4.11). In order to further investigate if 

these treatments were reducing the viability of a specific T cell subset, cells were first gated 

for CD3 and CD8 expression, and viability was examined within the CD3+CD8+ (CD8 T cell) 

subset and the CD3+CD8- subset (assumed to be CD4+ T cells for the purpose of these 

experiments). CD8+ T cells stimulated with anti-CD3 alone had reduced viability when 

compared to their CD4+ counterparts (Figure 4.12). IP treatment exerted no effect on the 

viability of either T cell subset (Figure 4.12A). HPP, carnosol and curcumin treatment 

significantly reduced the viability of both CD4+ and CD8+ T cell subsets, however, these 

reductions appeared to be more pronounced in the CD8+ subset, and showed greater 

statistical significance (Figure 4.12, HPP 1000 µM: p value = 0.0002 for CD4+ cells vs. p value 

< 0.0001 for CD8+ cells, carnosol: p value = 0.0026 for CD4+ cells vs. p value = 0.0007 for 
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CD8+ cells, curcumin: p value = 0.0120 for CD4+ cells vs. p value = 0.0068 for CD8+ cells). 

Any further examination of these samples by flow cytometry was gated within the live cell 

population to ensure that any changes seen were not due to dead cells skewing the data.  

 

4.3.5 HPP, IP, carnosol and curcumin reduce proliferation of CD4+ and CD8+ T 

cells in PBMC isolated from IBD patients.  

In order to investigate if the ketoacids have any effect on the proliferation of T cells from 

patients with IBD, PBMC were isolated from IBD patient samples and treated with IP or 

HPP (both 250–1000 µM), or carnosol or curcumin (both 5 µM) for 6 hours, prior to 

stimulation with anti-CD3 (1 μg/mL) for 12 hours. The media, containing the treatments 

was then removed, and replaced with fresh media, and the cells were stimulated with anti-

CD3 (1 μg/mL) for a further 4 days. Expression of the proliferation marker, ki67, was 

assessed by flow cytometry in CD3+CD8- (CD4+ T cells) and CD3+CD8+ cells (CD8+ T cells). IP 

and HPP significantly reduced the expression of ki67 in both CD4+ and CD8+ T cells (Figure 

4.13 and 4.14), as did carnosol and curcumin (Figure 4.15 and 4.16). These results indicate 

that the ketoacids and polyphenols reduce the proliferation of T cells, which could 

otherwise contribute to the pathogenesis of IBD. 

 

4.3.6 HPP, IP, carnosol and curcumin reduce the secretion of cytokines from 

PBMC isolated from IBD patients. 

It was next investigated if the ketoacids have any effect on the secretion of cytokines from 

PBMC isolated from IBD patients. PBMC were treated with IP or HPP (both 250-1000 µM) 

or carnosol or curcumin (both 5 µM) for 6 hours, stimulated with anti-CD3 (1 μg/mL) for 12 

hours, prior to replacement of the media, and stimulation with anti-CD3 (1 μg/mL) for a 

further 4 days. Supernatants were removed and analysed for secretion of cytokines by 

ELISA. HPP dose dependently reduced the secretion of IL-10, IFNg and IL-17 from PBMC, 

with the strongest reductions seen at the highest concentration tested (Figure 4.17). 

Similarly IP dose dependently reduced the secretion of all cytokines examined, however, 

more potent and significant effects were seen at all concentrations examined (Figure 4.18). 

Carnosol and curcumin also significantly reduced the secretion of all cytokines examined 

and appeared to be more potent than the ketoacids (Figure 4.19).  
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4.3.7 HPP, IP, carnosol and curcumin reduce cytokine expression in CD4+ and 

CD8+ T cells from IBD patients.  

The effect of the ketoacids on cytokine expression in specific T cell subtypes was next 

investigated in PBMC isolated from IBD patients. CD4+ T cells are the primary T cell subtype 

known to have a pathogenic role in IBD. However, CD8+ T cells have recently been 

implicated as additional drivers of inflammation in this disease [337]. Therefore cytokine 

expression was examined in both CD4+ and CD8+ T cells. As before, PBMC from IBD patients 

were isolated and treated with IP or HPP (both 250–1000 µM), or carnosol or curcumin 

(both 5 µM) for 6 hours, prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. The 

media was replaced with fresh media, and the cells were stimulated with anti-CD3 (1 

μg/mL) for a further 4 days. Expression of the cytokines IFNg, IL-17, IL-2 and TNF was 

measured by flow cytometry in CD3+CD8− (CD4 T cells) and CD3+CD8+ cells (CD8 T cells). IP 

and HPP significantly reduced IFNg expression in CD4+ T cells at the highest dose tested 

(Figure 4.20). Interestingly, there was no reduction in the levels of intracellular IL-17 in 

CD4+ T cells upon treatment with either ketoacid (Figure 4.21). The highest concentration 

of HPP examined caused a significant reduction in IL-2 expression, while IP treatment had 

no effect on this cytokine at any concentration tested in CD4+ T cells (Figure 4.22). 

Furthermore, neither ketoacid had an effect on the levels of intracellular TNF in CD4+ T cells 

(Figure 4.23). Carnosol and curcumin also significantly reduced the expression of all 

cytokines tested in CD4+ T cells (Figure 4.24 and 4.25). IP treatment significantly reduced 

IFNg expression but had no effect on IL-2 or TNF expression in CD8+ T cells (Figure 4.26-

4.28) and while HPP treatment had no effect on IL-2 expression, it did significantly reduce 

IFNg and TNF expression at the lowest concentration examined in CD8+ T cells (Figure 4.26-

4.28). Both carnosol and curcumin were also capable of significantly reducing the 

expression of all cytokines examined in CD8+ T cells (Figure 4.29). These results 

demonstrate that the ketoacids and polyphenols have immunomodulatory properties in 

both CD4+ and CD8+ T cells from patients with IBD and appear to exhibit some differences 

in their anti-inflammatory activity.  
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4.3.8 HPP, IP, carnosol and curcumin reduce the polyfunctionality of CD4+ T 

cells in PBMC isolated from IBD patients.  

Not surprisingly, pro-inflammatory T cells can produce multiple different cytokines at once, 

and these so-called polyfunctional T cells have been shown to be more pathogenic in 

autoimmune conditions such as RA [338]. Therefore, it was of interest to further explore 

the effects of ketoacid treatment on the polyfunctionality of T cells. As before, PBMC were 

isolated from IBD patients, treated with IP or HPP (both 250-1000 µM) or carnosol or 

curcumin (both 5 µM) for 6 hours, stimulated with anti-CD3 (1 μg/mL) for 12 hours, prior 

to replacement of the media, and stimulation with anti-CD3 (1 μg/mL) for a further 4 days. 

CD3+CD8− cells (CD4 T cells) expressing IFNg+IL-17+, IFNg+TNF+, IL-2+TNF+, and IL-2+IFNg+ 

were examined by flow cytometry. Anti-CD3 stimulation resulted in very low percentages 

of IFNg+IL-17+ cells, however, IP-treatment significantly reduced the percentage of these 

double positive cells at the top concentration examined (Figure 4.30B). HPP treatment also 

trended towards a reduction in these cells at the 1000 µM concentration (p = 0.08) (Figure 

4.30C). Both IP and HPP were capable of significantly reducing the frequency of IFNg+TNF+ 

double positive cells (Figure 4.31). Similar to the effect seen in section 4.3.7, where HPP 

but not IP was capable of reducing IL-2 expression, the top concentration of HPP 

significantly reduced the frequency of IL-2+TNF+ double positive cells, while IP had no effect 

at any concentration examined (Figure 4.32). Both IP and HPP significantly reduced the 

percentage of IL-2+IFNg+ double positive cells (Figure 4.33), while carnosol and curcumin 

treatment significantly reduced the frequency of IFNg+IL-17+ (Figure 4.34), IFNg+TNF+ 

(figure 4.35), and IL-2+IFNg+ cells (Figure 4.37) compared to anti-CD3 stimulation alone. 

Curcumin treatment also resulted in a trend towards a reduction in IL-2+TNF+ double 

positive cells (p = 0.05), while carnosol treatment had no effect on these cells (Figure 4.36). 

Overall, these results indicate that the ketoacids and polyphenols can reduce pro-

inflammatory polyfunctional T cells in PBMC from IBD patients. 
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4.3.9  Ketoacid and polyphenol treatment have subtly different effects in 

CD4+ T cells in PBMC isolated from patients with ulcerative colitis and 

Crohn’s disease. 

As mentioned previously, IBD can be classified as either CD or UC. In order to gain further 

insight into whether the ketoacids represent a potential treatment for these diseases, data 

was stratified further into two groups; whether the patients had either CD or UC, and 

analysis was carried out on the data for each of these disease subsets. Data generated from 

the CD4+ T cells was the main focus in this analysis. It was determined that HPP treatment 

has a more pronounced effect on proliferation and cytokine expression (in particular IFNg 

and TNF) in CD4+ T cells isolated from patients with UC, compared to patients with CD 

(Figure 4.38). On the other hand, IP reduced the proliferation of CD4+ T cells from patients 

with CD when compared to patients with UC (Figure 4.39). Treatment with this ketoacid 

did, however, dose dependently reduce IFNg expression in CD4+ T cells from patients with 

both conditions, with a significant decrease at all concentrations tested in T cells from UC 

patients (Figure 4.39). Carnosol and curcumin treatment decreased proliferation and 

expression of IFNg, IL-17 and IL-2 at similar rates between CD and UC patients (Figure 4.40) 

and, while the polyphenols significantly reduced expression of TNF in patients with CD, this 

was not the case in PBMC from patients with UC (Figure 4.40). These results indicate that 

despite the similarities between these diseases, there still may subtle differences that need 

to be considered when considering appropriate therapies.  
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Figure 4.1 Ketoacid-treated LPS-stimulated DC alter the expression of ki67 in CD4+ T 
cells upon co-culture. 
Primary human DC were left untreated (UT) or pre-treated with HPP or IP (1000 µM) for 6 
hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. The RPMI was replaced 
on these DC before subsequently culturing them with purified CD4+ T cells for 5 days. (A) 
Dot plots depicting ki67 expression (as a measure of proliferation) from one representative 
experiment. (B & C) Pooled data showing the mean (± SEM) of ki67+ as a percentage of 
CD3+ CD8- cells from 4-5 healthy donors. Repeated measures one-way ANOVA, with 
Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group (** p < 0.01).  
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Figure 4.2 Ketoacid-treated LPS-stimulated DC alter the expression of IFNg in CD4+ T 
cells upon co-culture. 
Primary human DC were left untreated (UT) or pre-treated with HPP or IP (1000 µM) for 6 
hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. The RPMI was replaced 
on these DC before subsequently culturing them with purified CD4+ T cells for 5 days. (A) 
Dot plots depicting IFNg expression from one representative experiment. (B & C) Pooled 
data showing the mean (± SEM) of IFNg+ as a percentage of CD3+ CD8- cells from 4-5 healthy 
donors. Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post 
hoc test, was used to determine statistical significance by comparing means of treatment 
groups against the mean of the control group (* p < 0.05).  
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Figure 4.3 The effect of HPP- and IP-treated LPS-stimulated DC on the frequency of 
Tregs in CD4+ T cells upon co-culture. 
Primary human DC were left untreated (UT) or pre-treated with HPP or IP (1000 µM) for 6 
hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. The RPMI was replaced 
on these DC before subsequently culturing them with purified CD4+ T cells for 5 days. (A) 
Dot plots depicting FoxP3 and CD127 expression from one representative experiment, 
FoxP3+CD127lo cells were selected. (B) Dot plots depicting FoxP3 and CD25 expression from 
one representative experiment, FoxP3+CD25+ cells were selected. (C & D) Pooled data 
showing the mean (± SEM) of FOXP3+CD127loCD25+ cells as a percentage of CD4+ cells from 
4 healthy donors. Repeated measures one-way ANOVA, with Dunnett’s multiple 
comparisons post hoc test, was used to determine statistical significance by comparing 
means of treatment groups against the mean of the control group (* p < 0.05).  
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Figure 4.4 Ketoacid treated DC do not favour an increase in the proliferation of Tregs 
over non-Tregs in CD4+ T cells upon co-culture. 
Primary human DC were left untreated (UT) or pre-treated with HPP or IP (1000 µM) for 6 
hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. The RPMI was replaced 
on these DC before subsequently culturing them with purified CD4+ T cells for 5 days. 
Pooled data showing the mean (± SEM) of ki67+ cells as a percentage of CD4+ cells from 4 
healthy donors for Tregs (FOXP3+CD127loCD25+) vs. non-Tregs (FOXP3-).  
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Figure 4.5 IL-10 secretion is not altered in co-cultures of ketoacid-treated LPS-
stimulated DC and CD4+ T cells. 
Primary human DC were left untreated (UT) or pre-treated with (A) HPP or (B) IP (1000 
µM) for 6 hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. The RPMI 
was replaced on these DC before subsequently culturing them with purified CD4+ T cells 
for 5 days. Cell supernatants were assessed for IL-10 secretion by ELISA. Pooled data 
depicts mean (±SEM) cytokine concentrations for 4 healthy donors (means of three 
technical replicates per donor). Repeated measures one-way ANOVA, with Dunnett’s 
multiple comparisons post hoc test, was used to determine statistical significance by 
comparing means of treatment groups against the mean of the control group.  
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Figure 4.6 Supernatants from ketoacid treated DC induce autofluorescence in CD4+ T 
cells. 
Primary human DC were left untreated (UT) or incubated with IP or HPP (both 500 µM) for 
6 hours prior to stimulation with LPS (100 ng/ml) for 24 hours. Supernatants were removed 
and added to purified CD4+ T cells at a 1:2 ratio in the presence of anti-CD3 (1 μg/mL) and 
anti-CD28 (2 μg/mL) for 4 days. Samples were analysed on a BD LSRFortessa without 
staining, looking at autofluorescence in the channels required for the markers in the 
experiment: (A) LD Near IR, (B) APC, (C) FITC, (D) PerCP-Cy5.5, (E) PE, and (F) PE-CF594.  
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Figure 4.7 Supernatants from ketoacid treated DC impair the viability of CD4+ T cells. 
Primary human DC were left untreated (UT) or pre-treated with IP or HPP (both 500 µM) 
for 6 hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. Supernatants 
were removed from the DC and added to purified CD4+ T cells at a 1:2 ratio in the presence 
of anti-CD3 (1 μg/mL) and anti-CD28 (2 μg/mL) for 4 days. Cells were stained for viability 
using Zombie NIRTM Fixable Viability kit. Debris was excluded by gating, and viable cells 
were defined as Zombie NIR-. (A) Dot plots depicting Zombie NIR expression from one 
representative experiment. (B) Pooled data showing the mean (± SEM) of viable cells as a 
percentage from 2 healthy controls.  
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Figure 4.8 Supernatants from IP or HPP treated DC reduce the expression of IFNg in 
CD4+ T cells. 
Primary human DC were left untreated (UT) or pre-treated with IP or HPP (both 500 µM) 
for 6 hours prior to the addition of LPS (100 ng/ml) for a further 24 hours. Supernatants 
were removed from the DC and added to purified CD4+ T cells at a 1:2 ratio in the presence 
of anti-CD3 (1 μg/mL) and anti-CD28 (2 μg/mL) for 4 days. (A) Dot plots depicting IFNg 
expression from one representative experiment. (B) Pooled data showing the mean (± 
SEM) of IFNg+ as a percentage of CD3+ CD8- cells from 2 healthy donors.  
  

A

B

UT
LPS

LPS + 
IP

LPS + 
HPP

0

10

20

30

40

%
IF

N
y+

C
D

3+
C

D
8-

LPS + IP LPS + HPPLPSUT

CD3IF
Nγ



 137 

 
 
Figure 4.9 IP and HPP treatment causes autofluorescence in PBMC after 4 days. 
PBMC were left untreated (UT) or incubated with HPP or IP (500 - 1000 μM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 4 days, in the presence of ketoacids. 
Samples were analysed on all channels of a BD LSRFortessa without staining. Histograms 
showing fluorescence of samples compared to UT control and cells stimulated with anti-
CD3 only.  
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Figure 4.10 IP and HPP treatment induce less autofluorescence in PBMC when removed 
after 18 hours and incubated with anti-CD3 only for a further 4 days. 
PBMC were left untreated (UT) or incubated with HPP or IP (500 - 1000 μM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. The media was replaced with 
fresh media, and cells were incubated for a further 4 days with anti-CD3 (1 μg/mL) 
stimulation, without ketoacids. Samples were analysed on all channels of a BD LSRFortessa 
without staining. Histograms showing fluorescence of samples compared to UT control and 
cells stimulated with anti-CD3 only.  
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Figure 4.11 IP is non-toxic to ex-vivo stimulated PBMC from patients with IBD, while 
HPP, carnosol and curcumin all show significant, albeit mild, reductions in viability. 
PBMC isolated from IBD patients were treated with (B) HPP or (C) IP (both 250 µM – 1000 
µM), or (D) carnosol or curcumin (both 5 µM) for 6 hours prior to stimulation with anti-
CD3 (1 μg/mL) for 12 hours. The media was replaced with fresh media, and incubated for 
a further 4 days with anti-CD3 (1 μg/mL) stimulation, without ketoacids, carnosol or 
curcumin. Cells were stained for viability using Zombie NIRTM Fixable Viability kit. Debris 
was excluded by gating, and viable cells were defined as Zombie NIR-. (A) Dot plots 
depicting Zombie NIR expression from one representative experiment. (B, C & D) Pooled 
data showing the mean (± SEM) of viable cells as a percentage from 14 IBD patients. 
Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, 
was used to determine statistical significance by comparing means of treatment groups 
against the mean of the control group (*** p < 0.001, ** p < 0.01).  
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Figure 4.12 HPP, carnosol and curcumin more significantly reduce the viability of CD8+ T 
cells compared to CD4+ T cells, while IP has no effect on the viability of either cell type. 
PBMC isolated from IBD patients were treated with (A) HPP or (B) IP (both 250 µM – 1000 
µM), or (C) carnosol or curcumin (both 5 µM) for 6 hours prior to stimulation with anti-CD3 
(1 μg/mL) for 12 hours. The media was replaced with fresh media, and incubated for a 
further 4 days with anti-CD3 (1 μg/mL) stimulation, without ketoacids, carnosol or 
curcumin. Cells were stained for viability using Zombie NIRTM Fixable Viability kit. Cells were 
initially gated for CD3 and CD8 expression, and viable cells were defined as Zombie NIR-.(A, 
B & C) Pooled data showing the mean (± SEM) of viable cells as a percentage from 14 IBD 
patients. Two-way ANOVA, with Šídák's multiple comparisons post hoc test, was used to 
determine statistical significance by comparing means of treatment groups against the 
mean of the control group within each cell subtype (**** p < 0.0001, *** p < 0.001, ** p < 
0.01, * p < 0.05).  
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Figure 4.13 HPP and IP reduce proliferation of CD4+ T cells in ex-vivo stimulated PBMC 
from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting ki67 expression 
(as a measure of proliferation) by CD3+CD8- cells from one representative experiment. (B 
& C) Pooled data (n = 14) depicting the mean ± SEM of ki67+ in CD3+CD8- T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (*** p < 0.001, ** p < 0.01, *p < 0.05).  
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Figure 4.14 HPP and IP reduce proliferation of CD8+ cells in ex-vivo stimulated PBMC 
from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting ki67 expression 
(as a measure of proliferation) by CD3+CD8+ cells from one representative experiment. (B 
& C) Pooled data (n = 14) depicting the mean ± SEM of ki67+ in CD3+CD8+ T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (**** p < 0.0001, ** p < 0.01, *p < 0.05).  
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Figure 4.15 Carnosol and curcumin reduce proliferation of CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD (1 
μg/mL) 3 stimulation, without carnosol or curcumin. (A) Dot plots depicting ki67 expression 
(as a measure of proliferation) by CD3+CD8- cells from one representative experiment. (B) 
Pooled data (n = 14) depicting the mean ± SEM of ki67+ in CD3+CD8- T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (*** p < 0.001).  
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Figure 4.16 Carnosol and curcumin reduce proliferation of CD8+ cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without ketoacids. (A) Dot plots depicting ki67 expression (as a 
measure of proliferation) by CD3+CD8+ cells from one representative experiment. (B) 
Pooled data (n = 14) depicting the mean ± SEM of ki67+ in CD3+CD8+ T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (**** p < 0.0001).  
  

UT

An
ti-
CD
3

Ca
rn
os
ol

Cu
rc
um
in

0

20

40

60

80

100

%
ki
67
+C
D
3+
C
D
8+

✱✱✱✱

✱✱✱✱✱✱✱✱

+ Anti-CD3

A

B

UT Anti-CD3 Carnosol Curcumin
ki
67

CD3



 145 

 
 
Figure 4.17  HPP inhibits secretion of cytokines from ex-vivo stimulated PBMC from 
patients with IBD. 
PBMC isolated from IBD patients were treated with HPP (250 µM – 1000 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without HPP. Cell supernatants were assessed for concentrations of 
(A) IL-10, (B) IFNg and (C) IL-17 by ELISA. Pooled data depicts mean (±SEM) cytokine 
concentrations for 6 IBD patients (means of three technical replicates per donor). Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (** p < 0.01, *p < 0.05).  
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Figure 4.18  IP inhibits secretion of cytokines from ex-vivo stimulated PBMC from 
patients with IBD. 
PBMC isolated from IBD patients were treated with IP (250 µM – 1000 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without IP. Cell supernatants were assessed for concentrations of (A) 
IL-10, (B) IFNg and (C) IL-17 by ELISA. Pooled data depicts mean (±SEM) cytokine 
concentrations for 6 IBD patients (means of three technical replicates per donor). Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (** p < 0.01, *p < 0.05).  
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Figure 4.19 Carnosol and curcumin inhibit secretion of cytokines from ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. Cell supernatants were assessed for 
concentrations of (A) IL-10, (B) IFNg and (C) IL-17 by ELISA. Pooled data depicts mean 
(±SEM) cytokine concentrations for 6 IBD patients (means of three technical replicates per 
donor). Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post 
hoc test, was used to determine statistical significance by comparing means of treatment 
groups against the mean of the control group (** p < 0.01, *p < 0.05).  
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Figure 4.20 HPP and IP reduce the frequency of IFNg+ CD4+ T cells in ex-vivo stimulated 
PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IFNg expression 
by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of IFNg+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (** p < 0.01, *p < 0.05).  
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Figure 4.21 HPP and IP have no effect on the frequency of IL-17+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IL-17 expression 
by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of IL-17+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.22 HPP, but not IP, reduces the frequency of IL-2+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IL-2 expression 
by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of IL-2+ in CD3+CD8- T cells. Repeated measures one-way ANOVA, 
with Dunnett’s multiple comparisons post hoc test, was used to determine statistical 
significance by comparing means of treatment groups against the mean of the control 
group (** p < 0.01).  
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Figure 4.23 HPP and IP have no effect on the frequency of TNF+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting TNF expression 
by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of TNF+ in CD3+CD8- T cells.  
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Figure 4.24 Carnosol and curcumin reduce the frequency of IFNg+ and IL-17+ CD4+ T cells 
in ex-vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. (A) Dot plots depicting IFNg and IL-17 
expression by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n 
= 14) depicting the mean ± SEM of (B) IFNg+ and (C) IL-17+ in CD3+CD8- T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (*** p < 0.001, ** p < 0.01, *p < 0.05).  
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Figure 4.25 Carnosol and curcumin reduce the frequency of IL-2+ and TNF+ CD4+ T cells in 
ex-vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. (A) Dot plots depicting IL-2 and TNF 
expression by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n 
= 14) depicting the mean ± SEM of (B) IL-2+ and (C) TNF+ in CD3+CD8- T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (*** p < 0.001, ** p < 0.01, *p < 0.05).  
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Figure 4.26 HPP and IP reduce the frequency of IFNg+ CD8+ T cells in ex-vivo stimulated 
PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IFNg expression 
by CD3+CD8+ cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of IFNg+ in CD3+CD8+ T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.27 HPP and IP have no effect on the frequency of IL-2+ CD8+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IL-2 expression 
by CD3+CD8+ cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of IL-2+ in CD3+CD8+ T cells.  

A

B C

IL
-2

CD3

UT Anti-CD3

HPP 250 μM HPP 500 μM HPP 1000 μM

IP 250 μM IP 500 μM IP 1000 μM

UT

Anti-C
D3

25
0 µ

M

50
0 µ

M

10
00

 µM
0

20

40

60

80

%
IL

-2
+C

D
3+

C
D

8+

+ Anti-CD3

UT

Anti-C
D3

25
0 µ

M

50
0 µ

M

10
00

 µM
0

20

40

60

80

%
IL

-2
+C

D
3+

C
D

8+

+ Anti-CD3



 156 

 
Figure 4.28 HPP, but not IP, reduces the frequency of TNF+ CD8+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting TNF expression 
by CD3+CD8+ cells from one representative experiment. (B & C) Pooled data (n = 14) 
depicting the mean ± SEM of TNF+ in CD3+CD8+ T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.29 Carnosol and curcumin reduce the frequency of IFNg+, IL-2+ and TNF+ CD8+ T 
cells in ex-vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without ketoacids. Dot plots depicting (A) IFNg, (B) IL-2 and (C) TNF 
expression by CD3+CD8+ cells from one representative experiment. Pooled data (n = 14) 
depicting the mean ± SEM of (D) IFNg+, (E) IL-2+ and (F) TNF+ in CD3+CD8+ T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (*** p < 0.001, ** p < 0.01, * p < 0.05).  
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Figure 4.30 HPP and IP reduce the frequency of IFNg+IL-17+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IFNg and IL-17 
expression by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n 
= 14) depicting the mean ± SEM of IFNg+IL-17+ in CD3+CD8- T cells. Repeated measures one-
way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.31 HPP and IP reduce the frequency of IFNg+TNF+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IFNg and TNF 
expression by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n 
= 14) depicting the mean ± SEM of IFNg+TNF+ in CD3+CD8- T cells. Repeated measures one-
way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.32 HPP, but not IP, reduces the frequency of IL-2+TNF+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IL-2 and TNF 
expression by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n 
= 14) depicting the mean ± SEM of IL-2+TNF+ in CD3+CD8- T cells. Repeated measures one-
way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.33  HPP and IP reduce the frequency of IL-2+IFNg+ CD4+ T cells in ex-vivo 
stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with (B) IP or (C) HPP (250 µM – 1000 µM) 
for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture 
media was replaced with fresh media and cells were incubated for a further 4 days with 
anti-CD3 (1 μg/mL) stimulation, without ketoacids. (A) Dot plots depicting IL-2 and IFNg 
expression by CD3+CD8- cells from one representative experiment. (B & C) Pooled data (n 
= 14) depicting the mean ± SEM of IL-2+ IFNg+ in CD3+CD8- T cells. Repeated measures one-
way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (**p < 0.01, *p < 0.05).  
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Figure 4.34 Carnosol and curcumin reduce the frequency of IFNg+IL-17+ CD4+ T cells in 
ex-vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. (A) Dot plots depicting IFNg and IL-17 
expression by CD3+CD8- cells from one representative experiment. (B) Pooled data (n = 14) 
depicting the mean ± SEM of IFNg+IL-17+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.35 Carnosol and curcumin reduce the frequency of IFNg+TNF+ CD4+ T cells in ex-
vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. (A) Dot plots depicting IFNg and TNF 
expression by CD3+CD8- cells from one representative experiment. (B) Pooled data (n = 14) 
depicting the mean ± SEM of IFNg+TNF+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (**p < 0.01).  
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Figure 4.36 Curcumin, but not carnosol, reduces the frequency of IL-2+TNF+ CD4+ T cells 
in ex-vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. (A) Dot plots depicting IL-2 and TNF 
expression by CD3+CD8- cells from one representative experiment. (B) Pooled data (n = 14) 
depicting the mean ± SEM of IL-2+TNF+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group.  
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Figure 4.37 Carnosol and curcumin reduce the frequency of IL-2+IFNg+ CD4+ T cells in ex-
vivo stimulated PBMC from patients with IBD. 
PBMC isolated from IBD patients were treated with carnosol or curcumin (5 µM) for 6 hours 
prior to stimulation with anti-CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was 
replaced with fresh media and cells were incubated for a further 4 days with anti-CD3 (1 
μg/mL) stimulation, without carnosol or curcumin. (A) Dot plots depicting IL-2 and IFNg 
expression by CD3+CD8- cells from one representative experiment. (B) Pooled data (n = 14) 
depicting the mean ± SEM of IL-2+ IFNg+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (***p < 0.001, **p < 0.01).  
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Figure 4.38 HPP more significantly reduces IFNg expression in CD4+ T cells in ex-vivo 
stimulated PBMC from patients with ulcerative colitis compared to Crohn’s disease. 
PBMC isolated from patients with Crohn’s disease (A-E) or ulcerative colitis (F-J) were 
treated with HPP (250 µM – 1000 µM) for 6 hours prior to stimulation with anti-CD3 (1 
μg/mL) for 12 hours. After 18 hours culture media was replaced with fresh media and cells 
were incubated for a further 4 days with anti-CD3 (1 μg/mL) stimulation, without HPP. 
Pooled data (n = 7 for each disease cohort) depicting the mean ± SEM of (A & F) ki67+, (B 
& G) IFNg+, (C & H) IL-17+, (D & I) IL-2+ and (E & J) TNF+ in CD3+CD8- T cells. Repeated 
measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used 
to determine statistical significance by comparing means of treatment groups against the 
mean of the control group (** p < 0.01, *p < 0.05).  
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Figure 4.39 IP more significantly reduces IFNg expression in CD4+ T cells in ex-vivo 
stimulated PBMC from patients with ulcerative colitis compared to Crohn’s disease. 
PBMC isolated from patients with Crohn’s disease (A-E) or ulcerative colitis (F-J) were 
treated with IP (250 µM – 1000 µM) for 6 hours prior to stimulation with anti-CD3 (1 μg/mL) 
for 12 hours. After 18 hours culture media was replaced with fresh media and cells were 
incubated for a further 4 days with anti-CD3 (1 μg/mL) stimulation, without IP. Pooled data 
(n = 7 for each disease cohort) depicting the mean ± SEM of (A & F) ki67+, (B & G) IFNg+, (C 
& H) IL-17+, (D & I) IL-2+ and (E & J) TNF+ in CD3+CD8- T cells. Repeated measures one-way 
ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine 
statistical significance by comparing means of treatment groups against the mean of the 
control group (*p < 0.05).  
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Figure 4.40  Carnosol and curcumin more significantly reduce TNF expression in CD4+ T 
cells in ex-vivo stimulated PBMC from patients with Crohn’s disease compared to 
ulcerative colitis. 
PBMC isolated from patients with Crohn’s disease (A-E) or ulcerative colitis (F-J) were 
treated with Carnosol or curcumin (both 5 µM) for 6 hours prior to stimulation with anti-
CD3 (1 μg/mL) for 12 hours. After 18 hours culture media was replaced with fresh media 
and cells were incubated for a further 4 days with anti-CD3 (1 μg/mL) stimulation, without 
carnosol or curcumin. Pooled data (n = 7 for each disease cohort) depicting the mean ± 
SEM of (A & F) ki67+, (B & G) IFNg+, (C & H) IL-17+, (D & I) IL-2+ and (E & J) TNF+ in CD3+CD8- 
T cells. Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post 
hoc test, was used to determine statistical significance by comparing means of treatment 
groups against the mean of the control group (** p < 0.01, *p < 0.05).   
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4.4 Discussion 

 
The prevalence of autoimmune and inflammatory diseases has risen significantly in recent 

years [13]. This is likely due to a combination of environmental factors, along with 

increased disease awareness and diagnosis. The pathogenesis of 

autoimmune/inflammatory disease involves many immune cells, with DC and T cells 

commonly implicated as being key drivers of excessive inflammation. A number of 

therapeutics have been developed, but they differ in their efficacy depending on the 

patient and/or disease setting. Furthermore, many individuals can become refractory to 

therapy, due, for example, to the generation of endogenous neutralising antibodies against 

biologics [42]. New therapies with increased efficacy and tolerability, as well as fewer side 

effects, are therefore highly sought after. As mentioned previously, parasite-derived 

compounds have recently garnered attention as potential therapies for 

autoimmune/inflammatory diseases due to their ability to dampen excessive inflammation 

[301–304]. Trypanosome-derived ketoacids represent one such class of potential 

therapeutics, however, their effects on adaptive immune cells have not been extensively 

studied. The goal of this chapter was therefore to carry out a detailed analysis of the effects 

of IP and HPP on human T cell responses from both healthy individuals and those 

presenting with IBD. 

 

The overactivation of DC can lead to the differentiation and proliferation of T cells in the 

absence of infection; therefore, dampening the inflammatory response of DC can in turn 

reduce pathogenic T cell responses. For example, treating DC with agents ex vivo which 

results in the generation of tolerogenic DC, which could then be re-introduced into the 

host, has been proposed as a potential approach for treating autoimmune disease 

[17,21,22]. As demonstrated in chapter 3, the ketoacids, IP and HPP, can suppress DC 

maturation, glycolysis and cytokine production, therefore, it was of interest initially to 

investigate how these tolerogenic DC impact T cells. In order for T cells to be fully activated, 

they require three signals from APC: antigen presentation on MHC molecules to the TCR, 

binding of CD28 on naïve T cells to co-stimulatory molecules (e.g. CD80/86) on APC, and 

cytokine production by APC to instruct the T cell effector functions further. The distinct 
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cytokines secreted by the APC will also drive the differentiation of T cells into their specific 

effector subsets. As demonstrated in chapter 3, DC treated with HPP exhibit decreased 

expression of co-stimulatory markers, along with reduced pro-inflammatory cytokine 

production, indicating that they may have a reduced capacity to activate T cells upon co-

culture. This was indeed the case, and T cells co-cultured with HPP-treated DC trended 

towards a reduction in proliferation and expression of the Th1 cytokine, IFNg. Interestingly, 

despite a trend towards an increase in the secretion of IL-10, there was actually a trend 

towards a decrease in Treg numbers in the total T cell population. This indicates that the 

IL-10 being produced may be coming from a different cell type within the co-culture such 

as a different subset of T cells, or the DC themselves. Surprisingly, T cells co-cultured with 

IP-treated DC exhibited increased proliferation and IFNg expression; an unexpected result 

given that IP treatment resulted in a potent decrease in IL-12 secretion from LPS stimulated 

DC. IP-treated DC did not reduce the levels of Tregs to the same extent as HPP-treated DC, 

and there was no associated change in IL-10 levels. It was hypothesised that, under co-

culture conditions, IP treatment may be increasing the proliferation of Tregs over non-

Tregs, however this was not the case. Given the auto-fluorescent nature of IP, it was not 

possible to assess the effect of this compound on DC maturation (as outlined in chapter 3). 

Hence, while it may be reducing inflammatory cytokine production by DC, it may not be 

impacting on antigen presentation and DC maturation which may explain the lack of effect 

on T cell responses in this particular experimental setting. More promising results were 

obtained by Aoki et al. who reported a reduction in IFNg expression when DC were isolated 

from the mesenteric lymph nodes of mice administered IP, and co-cultured with murine 

CD4+ T cells [258], hence additional factors may be at play in vivo to promote the 

immunosuppressive function of IP. Nonetheless, HPP did exhibit promising results in the in 

vitro model described in this study.  

 

Given the important role played by DC-derived cytokines in polarising T cells towards 

specific subsets, is was of interest to determine if ketoacid mediated cytokine suppression 

by DC impacts the phenotypic fate of a T cell. To test this, CD4+ T cells were isolated from 

PBMC and stimulated with anti-CD3 and anti-CD28 (to provide two of the three signals 

necessary for T cell activation) in the presence and absence of supernatants from ketoacid-

treated DC. Despite ketoacid autofluorescence causing some interference in these assays, 
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there did appear to be a reduction in IFNg expression in CD4+ T cells upon incubation with 

IP and HPP-treated DC supernatant. This is likely due to the reduction in levels of the Th1 

polarising cytokine, IL-12, in the supernatants of ketoacid-treated DC. Notably, IFNg is a 

highly inflammatory cytokine which has been implicated in the pathogenesis of many 

autoimmune and inflammatory conditions [339,340]. 

 

In order to translate the above findings to a more clinical setting, experiments were carried 

out using PBMC isolated from patients with IBD. IP and HPP reduced the secretion of IFNg, 

IL-17, and also the anti-inflammatory cytokine IL-10 from PBMC. Furthermore, IP and HPP 

reduced the proliferation of CD3+CD8- cells (assumed to be CD4+ cells for the purpose of 

this study), while IFNg expression was also decreased. HPP, but not IP, was also capable of 

reducing IL-2 expression which is produced in large quantities by activated CD4+ T cells, and 

can lead to activation of other effector T cell subsets under inflammatory conditions [341]. 

Interestingly, neither IP or HPP had any effect on the expression of IL-17 or TNF in CD4+ 

cells. However, IP and HPP reduced secretion of IL-17 when examined by ELISA, with IP 

showing more potent reductions than HPP. IP was effective at even the lowest 

concentrations tested, and these reductions in secretion of cytokine would unlikely be due 

to the reduced proliferation caused by IP, as there was no reduction in ki67 expression 

upon treatment with the lowest concentration. Furthermore, both IP and HPP were 

capable of reducing the frequency of IFNg+IL-17+, IFNg+TNF+, and IL-2+ IFNg+ CD4+ cells, 

while HPP was also capable of reducing the frequency of IL-2+TNF+ CD4+ cells. This is more 

reflective of a clinical disease setting as T cells will express more than one cytokine at a 

time. This further supports the anti-inflammatory effects of the ketoacids, and also 

confirms that immune cells from IBD patients are not refractory to these effects, which is 

an important factor to consider when assessing new therapies. 

 

While the primary T cell subtype examined in IBD has traditionally been CD4+ T cells, there 

has recently been interest in the pathogenic role played by CD8+ T cells [337]. In general, 

they do appear to contribute to inflammation in this disease [337] and were therefore 

included in the analysis of patient PBMC. Similar to the effects seen on CD4+ T cells, IP and 

HPP were capable of reducing the proliferation of CD8+ T cells. In terms of cytokine 
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production, CD8+ T cells secrete IFNg, IL-2 and TNF, and produce cytotoxins capable of 

killing infected or compromised cells [342]. The cytotoxic effector functions of CD8+ T cells 

were not examined in the course of this study, however, IP treatment was found to 

significantly reduce IFNg expression, while having no effect on either TNF or IL-2 

expression.  This is in agreement with the effects observed in IP-treated CD4+ T cells. On 

the other hand, HPP significantly reduced IFNg and TNF expression in CD8+ T cells at the 

lowest concentration examined, however viability issues at the higher doses of HPP made 

analysis difficult given the low cell numbers. Further experiments are therefore required 

to fully elucidate the effects of the ketoacids on CD8+ T cells, however preliminary results 

indicate they may suppress pro-inflammatory responses mediated by this cell type. 

 

Carnosol and curcumin are plant-derived polyphenols with documented anti-inflammatory 

and antioxidant properties. They are potent inducers of HO-1 and have shown efficacy in 

a number of disease models [269,334–336]. They have also been highlighted as potential 

therapeutics for IBD [343–347]. These polyphenols have not been assessed in IBD patient 

samples and were included in this study in order to compare their efficacy to the ketoacids. 

Both carnosol and curcumin potently reduced the proliferation of CD4+ and CD8+ T cells 

and did so a greater extent than the ketoacids. Similarly, they decreased the secretion of 

IFNg, IL-17, and also the anti-inflammatory cytokine IL-10. Investigating this further, it was 

demonstrated that they potently decreased the expression of all cytokines examined from 

both CD4+ and CD8+ T cells. Furthermore, treatment of cells with the polyphenols resulted 

in a decrease in the frequency of double positive CD4+ T cells i.e. IFNg+IL-17+, IFNg+TNF+, 

and IL-2+ IFNg+ cells. These results indicate these polyphenols exhibit anti-inflammatory 

effects in IBD patient PBMC, similar to results reported by our laboratory assessing their 

effects in samples from psoriasis patients [269]. One of the limitations that has been 

highlighted regarding the use of polyphenols as therapeutics is their limited bioavailability 

due to poor absorption from the gut. However, given that the gut is the actual site of 

inflammation in IBD, this low bioavailability may actually be advantageous. 

 

As previously mentioned, CD is classically described as a Th1 type immune disease with 

high levels of IFNg, while UC presents with an atypical Th2 type immune response with high 
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levels of IL-5, IL-4 and IL-13 [331]. Furthermore, IL-17 has been implicated in the 

pathogenesis of both diseases [331–333]. The cytokines analysed in the IBD patient 

samples in this study were limited to IFNg, IL-17, TNF, and IL-2, cytokines more typically 

associated with a Th1 type response, which may be more relevant for CD. However, due to 

fluorescence issues surrounding the ketoacids, as well as limited cell numbers, the number 

of cytokines that could be examined were restricted and had to be carefully chosen. Initially 

it was unclear if there would be access to enough patient samples to stratify them into 

disease subtypes, therefore they were all treated under the umbrella of ‘IBD samples’, and 

traditional inflammatory markers were chosen for analysis. Studies have since revealed 

that is overly simplistic and limiting to define CD as being a Th1 type disease and UC a Th2 

type disease; demonstrative of this, not all UC patients express this Th2 type signature 

[348] and an IL-13 neutralising antibody did not significantly improve clinical responses in 

UC patients [349]. Therefore, there has been increased interest in moving away from the 

simplified Th1/Th2 paradigm in characterising CD and UC. There also appears to be a 

number of emerging T cell subsets implicated in the pathogenesis of both diseases, 

including Th9 cells and Tfh cells [350,351]. Furthermore, as previously mentioned, 

polyfunctional T cells, expressing more than one cytokine, have been shown to be more 

pathogenic in autoimmune and inflammatory conditions [338,352,353], and T cells can also 

demonstrate considerable phenotypic plasticity [354]. Indeed, studies have discovered a 

subpopulation of Th17 cells capable of expressing IFNg, with these IFNg+IL17+ cells being 

considered highly pathogenic in not only IBD, but also other autoimmune and 

inflammatory conditions [351,355–359]. Based on this it is important to note that the 

cytokines examined in this study provide a limited insight into the immunomodulatory 

properties of the ketoacids, and it would be of interest to fully characterise their effect on 

a wide range of T cell cytokines and inflammatory markers in the future.  

 

In the final part of this study, patient data was stratified based on disease in order to 

determine if the ketoacids or polyphenols exerted similar effects on UC versus CD. There 

did not appear to be any major differences in the immunomodulatory effects between 

diseases. IP and HPP reduced proliferation, IL-17, IL-2 and TNF expression to similar levels 

in samples from both UC and CD patients. The only statistical difference across the cohorts 

was observed when examining IFNg expression. IP and HPP both significantly reduced IFNg 
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expression in CD4+ T cells from patients with UC, however, despite reducing the expression 

of this cytokine to a similar level in patients with CD, this was not significant. It is likely that 

a larger spread of data with the CD patients is preventing statistical significance in this case, 

however, at a biological level, there appeared to be similar effects in both disease cohorts. 

The polyphenols reduced all markers examined across both disease cohorts to similar 

levels, with the exception of TNF. Both carnosol and curcumin significantly reduced TNF 

expression in CD4+ T cells from patients with CD, while having no effect on the expression 

of this cytokine in patients with UC. Therefore, for now it appears that all treatments 

examined would show similar therapeutic efficacy in both UC and CD.  

 

Despite the ketoacids demonstrating promising immunomodulatory effects in the IBD 

patient samples, this study was limited by a number of factors. The data set investigated 

in this study was small, 14 patients, as a result of reduced access to samples due to the 

COVID pandemic. Access to a greater number of samples may have highlighted more 

interesting results, and may have also strengthened the promising results the ketoacids 

demonstrated. A greater number of both UC and CD samples may have also led to 

identification of more pronounced differences between each disease cohort in response 

to the ketoacids, further identifying their potential as therapeutics for either one of, or 

both, conditions. Furthermore, the stratification of the disease cohorts in this study was 

limited in stratifying the patients based only on having either UC or CD; however, there can 

still be large variations even within these disease subtypes. Therefore, had more 

information been available, such as patient’s disease stage, severity, years since diagnosis, 

and years in remission, this would have allowed for a deeper stratification and potentially 

identified more pronounced and clinically translatable results. One of the more important 

variables that may affect the outcome of this study is the treatment regime of the patients: 

what treatment they’re on and for how long, how responsive they are to it, and what other 

treatments they have tried and not responded to in the past. The ketoacids may have vastly 

different effects on a patient who is in remission taking a first line therapy, versus a patient 

with highly active disease and not responding to many available therapeutics. However, 

unfortunately this data was not available. As mentioned above, a much larger cohort of 

patients would be needed to gain valuable insights from a deeper stratification, and it 
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would greatly expand upon the findings thus far and fully uncover the therapeutic potential 

of the ketoacids in this way going forward.  

 

In conclusion, the results presented in this chapter demonstrate that, not only do 

trypanosome-derived ketoacids exert immunomodulatory effects on innate immune cells, 

but they also impact on adaptive immune cells. HPP-treated DC are capable of reducing 

the proliferation and pro-inflammatory cytokine production from co-cultured T cells, 

further supporting the notion that the ketoacids induce a tolerogenic DC phenotype. The 

ketoacids, along with established HO-1 inducers, carnosol and curcumin, also reduce 

proliferation and inflammatory cytokine production in immune cells isolated from patients 

with IBD (Figure 4.41). While further study is required, the results presented here provide 

further support for their use as potential therapeutics to treat inflammatory disease 

characterised by excessive and dysregulated immune responses.  
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Figure 4.41 Model of immunomodulatory effects of trypanosome-derived ketoacids in 
human T cells. 
Trypanosomes secrete the ketoacids IP and HPP. Culturing of human DC with these 
ketoacids leads to a more tolerogenic phenotype, characterised by reduced maturation 
marker expression and pro-inflammatory cytokine secretion. Ketoacid-treated DC 
subsequently reduce the proliferation of CD4+ T cells and this is accompanied by reduced 
pathogenic cytokine production. PBMC from IBD patients treated directly with these 
ketoacids have reduced proliferation and inflammatory cytokine production in both CD4+ 
and CD8+ T cells.   
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5.1 General discussion 

 

Autoimmune and inflammatory diseases such as IBD, MS, RA and psoriasis are all 

characterised by excessive and aberrant inflammation. While each disease has its own 

distinct pathology, many of the currently available therapeutics target common pathways 

or mediators, and include, for example, inhibitors of the JAK-STAT pathway or monoclonal 

antibodies targeting inflammatory cytokines and co-stimulatory molecules [42]. Despite 

the availability of such therapeutics, most of these diseases are incurable and cause 

significant morbidity and mortality every year [360,361]. Furthermore, current 

immunomodulatory therapeutics to treat autoimmune diseases show limited efficacy in 

many patients, either from initial treatment, or through the patient becoming refractory 

over time [42]. They are also associated with numerous side effects, and leave patients 

vulnerable to infections, further adding to disease burden [42]. Therefore, novel therapies 

that can be used alone, or in combination with existing treatments, are highly sought after.  

 

Parasites are organisms which live in or on a host, eventually causing harm to the host 

species. Disease severity resulting from parasitic infection differs depending on numerous 

factors, ranging from the type of parasite, to the health status of the host [362]. Parasites 

are constantly challenged by the host’s immune system and employ numerous 

mechanisms to dampen these responses in order to ensure both their own and their host’s 

survival [363]. In some ways, this can actually prove beneficial to the host, as the presence 

of parasites results in reduced allergic, autoimmune, and inflammatory conditions [363]. 

In support of this notion, the eradication of dangerous parasites in developed countries 

has coincided with increased incidence of the aforementioned conditions, forming part of 

the basis of the ‘hygiene hypothesis’ [364,365]. Indeed, there has recently been increased 

interest in utilising parasites and their ability to dampen host immune responses to treat 

autoimmune or inflammatory diseases. Some studies have involved deliberate infection 

with parasites as one method of treating inflammation, and despite their ability to reduce 

disease symptoms, these treatments are unsurprisingly accompanied by a number of 

unwanted side effects [366–369]. Therefore, immunomodulatory products derived from 

parasites have recently garnered greater interest as potential therapeutics, as they are not 
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accompanied by infection-associated issues [301–304]. Examples include a peptide derived 

from the helminth, Fasciola hepatica, which was shown to ameliorate disease in murine 

models of type 1 diabetes and MS, by inhibiting the production of macrophage-derived 

pro-inflammatory cytokines [302]. Soluble proteins from the blood fluke, Schistosoma 

mansoni, have also been shown to reduce pro-inflammatory cytokine production (IFNg and 

IL-17), while increasing regulatory cytokines (TGFβ and IL-10) in a murine model of colitis 

[370]. Interestingly, the intestinal roundworm, Heligmosomoides polygyrus, secretes a 

TGFβ mimic, which is capable of binding to the TGFβ receptor and inducing Tregs, resulting 

in reduced disease severity in a murine model of MS [371,372]. Many studies investigating 

parasite-derived compounds are still in the early stages, and have not yet moved to clinical 

trials, nonetheless there is strong evidence demonstrating their immunomodulatory 

effects and therapeutic potential.  

 

The T. brucei-derived ketoacids investigated in this study may also represent novel immune 

modulators and, while they have proven efficacy in murine models of disease 

[255,257,258], there have been no reports examining their effects in human immune cells. 

Results provided in this thesis confirm that IP and HPP can induce expression of the 

immune suppressive enzyme, HO-1, and attenuate pro-inflammatory immune responses 

in human DC. Specifically, HPP reduced the maturation of DC and this was accompanied by 

a reduction in the secretion of pro-inflammatory cytokines and expression of maturation 

markers, while at the same time enhancing the phagocytic capacity of the cells. Attempts 

to investigate maturation marker expression on IP-treated DC were hindered by 

autofluorescence issues, however, this ketoacid was also found to suppress inflammatory 

cytokine production. Supernatants from both IP- and HPP-treated DC reduced IFNg 

expression in CD4+ T cells, an effect that was recapitulated by HPP in DC:T cell co-culture 

experiments. However, this was not the case with IP, and it is hypothesised that IP may not 

impact DC maturation to the same extent as HPP.  Further investigation using non-

fluorescent based analysis is now required to confirm if this is indeed the case. 

 

Despite both ketoacids exhibiting immunomodulatory properties, other subtle differences 

were observed during the course of this study. As mentioned, both ketoacids induce HO-1 

in human DC, however this occurs more rapidly upon HPP treatment. Similar results were 
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observed when examining p62 activation, with HPP activating this autophagy-related 

protein at an earlier time-point compared to IP. This may be due to IP converting to another 

form over time, and it is possible that the derivative has more potent anti-inflammatory 

effects than the parent compound. Mass spectrometry and/or NMR will be useful in 

determining whether such a change occurs in the ketoacid structure. Another notable 

difference was the ability of IP to induce ROS production and induce expression of CYP1A1 

in DC. This may occur via activation of the AHR which is known to be activated by indole 

based compounds. Of note, AHR activation in murine models of colitis resulted in 

amelioration of disease, while inhibition or knockout of the AHR increased disease severity 

[373–377]. Furthermore, AHR expression is lower in the mucosa of patients with IBD, in 

particular CD, compared to healthy controls [373], further establishing a link between 

activation of this receptor and gut health. The increase in ROS by IP likely leads to activation 

of the HO-1/Nrf2 pathway. The pathway leading to induction of HO-1 by HPP may differ, 

but based on results in this study, likely involves activation of AMPK or p62, both of which 

have been previously linked to HO-1 activation [131–136,282–284]. Indeed other 

mechanisms cannot be ruled out and require investigation. For example, the 

immunomodulatory metabolite, itaconate, activates Nrf2 through alkylation of KEAP1 

cysteine residues [312]. This can also be confirmed using mass spectroscopy and may 

represent yet another mechanism through which the ketoacids activate the HO-1/Nrf2 

pathway. 

 

In addition to AMPK and p62, the ketoacids were also found to activate the additional 

autophagy related protein, LC3. Autophagy functions to eliminate dysfunctional cellular 

components, e.g. damaged organelles or misfolded proteins, when they are no longer 

required, may damage the cell, or are needed to generate energy. Autophagy is also 

important for the elimination of intracellular bacteria [378]. Any defects in autophagy can 

result in inflammatory conditions and there are strong links between SNPs in autophagy-

related genes and CD [85]. It has been hypothesised that defective autophagy leads to 

reduced killing of pathogens, which may contribute to the dysbiosis found in the gut of 

patients with IBD [379,380]. While further study is required, it is possible that 

trypanosome-derived ketoacids may be beneficial as therapies for IBD through activation 

of autophagy. Indeed, many drugs currently used to treat IBD, including aminosalicylates 
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and thiopurines, may exert their therapeutic function in part due to activation of this 

pathway [379,380]. Furthermore, rapamycin, an inhibitor of mTOR which leads to 

activation of autophagy, has shown therapeutic potential in a number of IBD-related 

studies [381–383]. However, caution should be exercised with this approach as some 

pathogens such as Staphylococcus aureus have been shown to exploit activation of 

autophagy to increase survival, which may in turn leave the patient more susceptible to 

infection [384].  

 

Another key pathway examined in this thesis was DC cellular metabolism. Recently there 

has been great interest in the metabolic reprogramming of immune cells, since it was 

shown that they engage different metabolic pathways depending on their activation or 

maturation state [43]. Indeed, dysregulated immunometabolism has been highlighted as a 

feature of many autoimmune/inflammatory diseases [44–46], and manipulation of 

metabolic pathways has been proposed as a potential therapeutic strategy. In this study, 

IP and HPP were found to downregulate glycolysis, while HPP was shown to enhance 

oxidative phosphorylation in LPS-stimulated DC. This metabolic profile is associated with 

immature, tolerogenic DC [51,274]. Due to limited cell numbers it was not possible to 

examine these effects in PBMC from IBD patients, however, there is some evidence 

demonstrating an altered immunometabolic phenotype in patients with this disease [385]. 

Furthermore, the findings here may be intrinsically linked to autophagy, as the pathways 

share many common activators and inhibitors. Therefore, the abovementioned use of 

rapamycin to therapeutically treat CD [381–383] may not only be relevant for autophagy 

activation, but may also impact on metabolic pathways associated with a more tolerogenic 

DC phenotype. Interestingly, 5-ASA, a first line drug used for the treatment of IBD, can 

activate AMPK and inhibit mTOR, providing further evidence that altering metabolic 

pathways may prove efficacious in the treatment of IBD [386,387]. This further supports IP 

and HPP as potential therapeutics to treat IBD through their effects on metabolic pathways 

engaged by immune cells.  

 

In this study it is demonstrated that the ketoacids, IP in particular, are capable of not only 

inhibiting pro-inflammatory cytokines, but also promoting the anti-inflammatory cytokine 

IL-10. This may be of particular importance for IBD, as IL-10 has been shown to be 
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protective in murine models of colitis [388,389], while IL-10 deficient mice develop 

spontaneous colitis [390]. Interestingly, in a study similar to the work presented here, both 

carnosol and curcumin were shown to significantly inhibit the production of IL-10 from LPS-

stimulated DC, indicating they do not promote an anti-inflammatory phenotype in these 

cells [269]. This may represent an advantage the ketoacids have over the polyphenols 

examined in this study; the promotion of an anti-inflammatory phenotype is crucial for the 

resolution of inflammation in IBD and the repair of damaged intestinal walls [391]. The 

ketoacids have previously been shown to inhibit pro-inflammatory cytokines and iNOS 

expression in murine macrophages [256], markers more associated with an ‘M1-like’ 

macrophage phenotype. Therefore it would be interesting to assess the ability of the 

ketoacids to induce ‘M2-like’ macrophages, which are important for promoting wound 

healing and reducing disease severity in murine models of IBD, through induction of IL-10 

[392,393]. M2 macrophages, IL-10, and HO-1 are all intrinsically linked [394], therefore it 

is likely that the ketoacids would be capable of polarising macrophages towards this anti-

inflammatory phenotype, further supporting their therapeutic potential.  

 

One disadvantage for the implementation of already established HO-1 inducers as 

potential therapies is their limited bioavailability, something that has yet to be established 

for the ketoacids. However, this problem may be overcome when the target tissue is more 

easily accessible, in particular in the case of IBD. For example, the HO-1 inducer curcumin 

has been tested in clinical trials of patients with ulcerative colitis and showed no adverse 

side effects while demonstrating clear efficacy in inducing and maintaining remission in 

patients compared to placebo alone [344,395]. Therefore, directly targeting the gut with 

the ketoacids may also prove beneficial to treat IBD. Furthermore, efforts are underway to 

produce delivery systems to enhance tissue targeting and curcumin uptake [396–400], 

another factor which could be utilised with the ketoacids. Interestingly, administration of 

curcumin along with the first line therapy 5-ASA, which may attribute some of its anti-

inflammatory effects to HO-1 induction [179,180], was superior at inducing remission in 

UC patients, compared to treatment with 5-ASA alone [395]. It would be of interest to 

determine if the ketoacids are more effective as a standalone therapy, or if, similar to 

curcumin, they would show increased efficacy in combination with a first-line therapy such 

as 5-ASA.  
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Despite the promising results presented in this study, there are a number of limitations 

that need to be addressed, a major one being the autofluorescence of the ketoacids which 

restricted the techniques used to analyse samples. The use of flow cytometry in particular, 

was limited to small panels, or required removal of the compound at an early time-point 

to prevent it becoming fluorescent. This may have resulted in some of the 

immunomodulatory effects of IP being missed as it may become more potent over time. 

HPP was also found to become fluorescent at later time-points, and identification, as well 

as in vitro/in vivo assessment, of IP and HPP breakdown products is now required to move 

forward with any therapeutic application. Another major limitation faced in the course of 

this study was reduced access to patient samples as a result of the COVID pandemic. Future 

experiments involving, for example, ex vivo tissue explants and isolated immune cell 

populations will be of great benefit in determining the true therapeutic potential of these 

compounds. Finally, assessment of these compounds in a chronic model of colitis, which is 

more reflective of the clinical condition, will provide further information regarding efficacy, 

dosing, treatment route and bioavailability. 

 

In conclusion, the data presented in this thesis demonstrates that IP and HPP are capable 

of modulating DC maturation and cellular metabolism, and suppressing the inflammatory 

profile of cells isolated from patients with IBD. This study therefore not only provides 

further evidence of the immune-evasion mechanisms employed by T. brucei, but also 

supports further exploration of this novel class of HO-1 inducers as potential therapeutics 

for the treatment of inflammatory conditions.  
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Haem oxygenases are diverse, multifunctional enzymes 
that catalyse the breakdown of haem. Haem is an 
iron-​containing porphyrin that is a component of many 
biologically important proteins. These include haemo-
globin and myoglobin, which are used to carry oxy-
gen in red blood cells and muscle cells, respectively; 
cytochromes, which facilitate electron transport during 
oxidative respiration, redox and drug metabolism; and 
enzymes such as catalases and haem peroxidases, which 
are involved in a range of critical cellular functions1. 
However, despite its ubiquitous nature within cellu-
lar proteins, free haem is highly cytotoxic and must 
be rapidly metabolized to avoid cell damage through 
oxidative stress2,3. Haem oxygenases catalyse the first, 
rate-​limiting, step of haem degradation, using NADPH–
cytochrome P450 reductase and oxygen, to generate 
equimolar amounts of the linear tetrapyrrole biliver-
din, ferrous iron (Fe2+) and carbon monoxide (CO)4. 
Biliverdin can be subsequently converted into the 
linear tetrapyrrole bilirubin by the enzyme biliverdin 
reductase5,6 (Fig. 1).

Two functional isoforms of haem oxygenase exist 
in mammalian cells: haem oxygenase 1 (HO-1) and 
HO-2. HO-2 is constitutively expressed within certain 
tissues, including the brain, testis, cardiovasculature 
and liver, where it contributes to homeostatic iron and 
redox metabolism and cellular messaging (via CO)7–10. 

By contrast, HO-1 is a stress-​inducible isozyme encoded 
by the gene HMOX1 in humans11. Under homeostatic 
conditions, HO-1 expression is low or absent in most 
cells and tissues, with some exceptions, including 
iron-​recycling macrophages in the spleen and liver 
(Box 1), and certain tolerogenic immune cells, which 
display constitutive expression of HO-1 and are dis-
cussed later in this Review. However, HO-1 is highly 
upregulated by most cells in response to a vast number 
of pro-​oxidant stimuli and provides protection against 
oxidative damage (Box 2).

The HO-1 system also has important anti-​ 
inflammatory properties12–15. These are exemplified 
by the rare HO-1 deficiencies seen in humans and by 
HO-1-​deficient animal models, which in addition to 
showing increased sensitivity to oxidative stress are 
characterized by high levels of chronic inflammation16–19. 
Research over the past 20 years has highlighted the 
promising immunomodulatory functions of the HO-1 
system, establishing it as a target of interest for a broad 
range of inflammatory diseases. In this Review, we dis-
cuss the consequences of HO-1 induction in immune 
cell populations and the potential of the HO-1 system 
for treatment of diseases characterized by chronic 
inflammation. We also highlight a number of therapeu-
tic strategies currently under investigation as potential 
modulators of the HO-1 system.

Porphyrin
An organic molecule comprising 
four pyrrole rings connected  
to form a larger ring structure, 
which readily binds metal ions. 
Iron-​containing porphyrins are 
known as ‘haems’.
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Abstract | Haem oxygenase 1 (HO-1), an inducible enzyme responsible for the breakdown of 
haem, is primarily considered an antioxidant, and has long been overlooked by immunologists. 
However, research over the past two decades in particular has demonstrated that HO-1 also 
exhibits numerous anti-​inflammatory properties. These emerging immunomodulatory functions 
have made HO-1 an appealing target for treatment of diseases characterized by high levels of 
chronic inflammation. In this Review, we present an introduction to HO-1 for immunologists, 
including an overview of its roles in iron metabolism and antioxidant defence, and the factors 
which regulate its expression. We discuss the impact of HO-1 induction in specific immune cell 
populations and provide new insights into the immunomodulation that accompanies haem 
catabolism, including its relationship to immunometabolism. Furthermore, we highlight the 
therapeutic potential of HO-1 induction to treat chronic inflammatory and autoimmune diseases, 
and the issues faced when trying to translate such therapies to the clinic. Finally, we examine  
a number of alternative, safer strategies that are under investigation to harness the therapeutic 
potential of HO-1, including the use of phytochemicals, novel HO-1 inducers and carbon 
monoxide-​based therapies.
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Regulation of HO-1 expression. HO-1 can be upregu-
lated in response to numerous different stress stimuli, 
including various pro-​oxidants and pro-​inflammatory 
mediators20–22. Given its protective antioxidant and 
anti-​inflammatory properties, understanding how 
HO-1 expression is controlled under different circum-
stances and in different cell types has been the subject 
of considerable research. The multifactorial regulation of  
HO-1 provides important context to its functions in 
immune cells and in inflammatory disease, and several 
therapies under investigation target factors regulating 
the HO-1 system. Below, we summarize the major reg-
ulatory mechanisms that control HO-1 expression both 
generally and in immune cells (Fig. 2).

Expression of HO-1 is largely under the control of the 
redox-​sensitive transcription factor nuclear factor eryth-
roid 2-​related factor 2 (NRF2; encoded by NFE2L2), 
which binds to the antioxidant response element (ARE) 
in the promoter region of many antioxidant genes, 
including HMOX1 (ref.23). Under steady-​state conditions, 
NRF2 is bound to Kelch-​like ECH-​associated protein 1 
(KEAP1) in the cytoplasm; this suppresses NRF2 activity 
by facilitating the ubiquitylation and subsequent degra-
dation of NRF2 by the proteasome23. However, in the 
presence of oxidants, reactive oxygen species and other 
NRF2 activators, cysteine residues within KEAP1 are 
modified, resulting in the release, and consequent stabi-
lization, of NRF2 (refs24,25). NRF2 can then migrate to the 
nucleus, where it forms heterodimers with small MAF 
proteins to bind AREs and promote expression of anti-
oxidant genes23. BACH1, a transcriptional repressor and 
haem sensor, also forms heterodimers with small MAF 
proteins and regulates HO-1 expression by competing 
with NRF2 for the ARE-​binding site on the HMOX1 
promoter26. Binding of free haem to BACH1 causes it 

to dissociate from the ARE, after which it is exported 
from the nucleus, ubiquitylated and degraded, allowing 
HMOX1 transcription to occur27,28. Together, NRF2, 
KEAP1 and BACH1 constitute an intricate feedback sys-
tem that enables cells to respond to oxidative stress and 
increased levels of cytotoxic haem through upregulation 
of HO-1. However, it is important to note that other 
genes involved in antioxidant and anti-​inflammatory 
responses that are independent of HO-1 are also regu-
lated by NRF2 and haem (via both BACH1-​dependent 
and BACH1-​independent mechanisms)29–31. Therefore, 
care must be taken when one is interpreting the role  
of HO-1 in situations where the presence or activity of 
these transcriptional regulators is altered.

Although NRF2 and BACH1 are the primary reg-
ulators of HO-1, other transcription factors have also 
been described to modulate HO-1 expression, such as 
hypoxia-​inducible factor 1α (HIF1α) and various small 
MAF protein dimers23,32,33. With particular relevance to 
immune cells, binding sites for the pro-​inflammatory 
transcription factors NF-​κB and AP-1 have been iden-
tified within the HMOX1 promoter34. Furthermore, 
some instances of HO-1 upregulation in vitro have 
been shown to be dependent on or correlated with 
NF-​κB or AP-1 expression (reviewed in ref.35). HO-1 
may therefore be upregulated during inflammation to 
protect against potential deleterious effects of reactive 
oxygen species and pro-​inflammatory cytokines, and to 
provide negative feedback during induction of inflam-
matory responses. In addition to direct regulation by 
transcription factors, emerging evidence suggests a role 
for epigenetic regulation of HO-1 expression36–38, as well 
as post-​transcriptional regulation by alternative splicing 
and microRNAs39,40; while poorly understood at pres-
ent, these indirect regulatory mechanisms are interest-
ing avenues to explore when one is considering targeting 
HO-1 expression.

While there appear to be multiple transcriptional 
regulators of HO-1 expression, many HO-1 inducers 
do not interact with transcription factors directly, but 
instead activate them via intermediate signalling path-
ways. Protein kinase pathways associated with responses 
to cellular stress have been implicated in the regulation 
of HO-1 expression. For example, the mitogen-​activated 
protein kinases (MAPKs) extracellular signal-​regulated 
kinase (ERK), JUN amino-​terminal kinase (JNK) and 
p38 have all been reported to regulate HO-1 expres-
sion in different cell types and conditions; however, 
p38 appears to be the most common MAPK involved in 
HO-1 upregulation35. The phosphatidylinositol 3-​kinase 
(PI3K)–AKT pathway can also regulate HO-1 expres-
sion in response to cytokines and prostaglandins as well 
as some alternative HO-1 inducers41–43. For example, the 
upregulation of HO-1 by the cytokine IL-10 is thought to 
be achieved via activation of PI3K and STAT3 (refs14,44). 
Finally, the cellular energy sensor AMP-​activated pro-
tein kinase (AMPK) has recently been identified as a 
modulator of HO-1 expression and is responsible for 
the upregulation of HO-1 by many metabolic regula-
tors and HO-1 inducers45–48. The mechanism by which 
AMPK upregulates HO-1 appears to involve crosstalk 
between AMPK, its downstream effectors and NRF2 
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(refs46,47,49–51). In summary, induction of HO-1 is a gen-
eral adaptive mechanism of cells to protect against dam-
age under stress conditions, and HO-1 upregulation can 
be achieved through activation of multiple different reg-
ulatory mechanisms. While this adaption is most clearly 
indicated during oxidative stress (see Box 2), it has also 
evolved as a component of metabolic and immune sig-
nalling, with particular relevance for immunomodula-
tion of certain immune cells; this will be explored in the 
next section.

Regulation of immune responses by HO-1
Although HO-1 can be upregulated by most cell types 
during stress conditions22, it plays a significant role in 
the regulation of immune cells. HO-1 has demonstra-
ble anti-​inflammatory properties, and its expression 
is often upregulated during inflammation12–14,52–54. In 
this section, the regulation of key immune cell subsets 
by HO-1 will be reviewed, as well as recent evidence 
of cross-​regulation between the HO-1 system and 
immunometabolism (Fig. 3).

Regulation of macrophages by HO-1. HO-1 is of particu-
lar importance to iron-​recycling macrophages, which 
highly express HO-1 under homeostasis to catabolize 

haem (see Box 1). However, HO-1 also acts as an impor-
tant immunoregulator in other macrophage popula-
tions. HO-1-​derived CO promotes the differentiation 
of macrophages from myeloid progenitor cells, both 
in vitro and in vivo55. Furthermore, numerous reports 
have suggested that HO-1 expression promotes macro
phage polarization towards an anti-​inflammatory ‘M2-​
like’ macrophage phenotype (reviewed in ref.56). HO-1 
expression by M2-​like macrophages serves multiple 
purposes; first, it allows tissue-​resident macrophages 
to regulate local iron homeostasis and respond to tissue 
injury by metabolizing cytotoxic haem released from 
damaged cells, in line with the traditional role of these 
macrophages in wound repair57–59. Second, HO-1 and 
its products promote the resolution of inflammation by 
macrophages, by increasing phagocytosis, inhibiting 
pro-​inflammatory responses and inducing the anti-​
inflammatory cytokine IL-10 (reviewed in ref.60). Third, 
the HO-1 system permits macrophages to protect tissues 
against oxidative damage (see Box 2), a role that appears 
to have particular relevance in certain disease contexts 
such as atherosclerosis and ischaemic injury61–63.

Although HO-1 is associated with M2-​like macro
phage polarization, its expression has also been 
described in M1-​like or pro-​inflammatory macrophage 

‘M2-​like’ macrophage
‘M1’ and ‘M2’ are 
classifications historically  
used to define macrophages 
activated in vitro as pro-​ 
inflammatory (when ‘classically’ 
activated with interferon-​γ  
and lipopolysaccharide) or 
anti-​inflammatory (when 
‘alternatively’ activated with 
IL-4 or IL-10), respectively. 
However, in vivo macrophages 
are highly specialized, 
transcriptomically dynamic 
and extremely heterogeneous 
with regard to their phenotypes 
and functions, which are 
continuously shaped by  
their tissue microenvironment. 
Therefore, the M1 or M2 
classification is too simplistic  
to explain the true nature of 
in vivo macrophages, although 
these terms are still often  
used to indicate whether the 
macrophages in question are 
more pro-​inflammatory or 
anti-​inflammatory.

Box 1 | HO-1 and iron homeostasis

Iron is a trace element fundamental to life. Owing to its limited dietary bioavailability, mammalian iron stores are carefully 
controlled to ensure that iron released from spent haemoproteins is either recycled or stored. The most prevalent 
haemoprotein in mammals is haemoglobin, which facilitates oxygen transport in red blood cells (RBCs) and contains more 
than half of the total iron content in humans218. Given the short lifespan of RBCs (approximately 120 days), haemoglobin 
turnover is responsible for the vast majority of iron flux and must be tightly regulated to avoid uncontrolled release of 
cytotoxic free haem or ferrous iron (Fe2+)3,218,219. This is achieved through the activity of iron-​recycling erythrophagocytic 
macrophages, which detect and phagocytose senescent RBCs218.

Erythrophagocytic macrophages, located as red-​pulp macrophages in the spleen and as Kupffer cells or monocyte-​ 
derived macrophages in the liver, highly express haem oxygenase 1 (HO-1) to break down haem released from ingested 
haemoglobin220,221 (see the figure). The importance of HO-1 expression in these macrophage populations is evident in cases 
of human HO-1 deficiencies and in Hmox1−/− mice, which are characterized by depletion of erythrophagocytic macrophages 
(due to the cytotoxic effects of haem accumulation), low serum iron levels and increased deposition of iron in hepatic and 
renal tissues, resulting in tissue injury and chronic inflammation19,222,223. Iron released from haem catabolism by HO-1 can  
be either exported from macrophages via the iron transporter ferroportin 1 (FPN1) or stored intracellularly by ferritin68. 
Exported iron is loaded onto plasma transferrin for systemic circulation and is used by specialized bone marrow ‘nurse’ 
macrophages and developing erythrocytes for haemoglobin synthesis during erythropoiesis68,224. Iron homeostasis is largely 
controlled by the hepatic hormone hepcidin, which is induced in response to iron and binds FPN1, causing its degradation 
and, consequently, inhibition of iron export224. Hepcidin can also be induced during infection to limit the availability of iron 
to invading pathogens68.
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subsets. HO-1 expression is strongly upregulated by 
macrophages exposed to pro-​inflammatory stimuli 
such as lipopolysaccharide and poly(I:C)64–66 and is 
required for the downstream activation of interferon 
regulatory factor 3 (IRF3) and consequent induction 
of interferon-​β (IFNβ)66. HO-1-​derived CO can also 
promote the microbicidal activity of macrophages67, 
and it has been suggested that regulation of intracel-
lular haem-​iron stores by HO-1 can limit availability 
of these essential nutrients to intracellular pathogens, 
thus promoting microbial clearance by macrophages68. 
However, upregulation of HO-1 also provides negative 
feedback to M1-​like macrophages by limiting their 
pro-​inflammatory activity69,70. Therefore, while broadly 
anti-​inflammatory in nature, the functions of the 
HO-1 system in macrophages appear to be as varied as  
the macrophages themselves and are likely depend-
ent on the integration of other context-​specific and 
tissue-​specific signals. It should be mentioned, how-
ever, that expression of HO-1 by macrophages is not 
always beneficial and is associated with detrimental 
outcomes in diseases such as cancer, obesity and chronic 
infection71–76. Thus, either induction or inhibition of 
HO-1 in macrophages may be of therapeutic benefit 
depending on the disease context.

Regulation of dendritic cells by HO-1. Unlike macro
phages, which typically upregulate HO-1 in response 
to pro-​inflammatory signals and cellular stress, HO-1 
is constitutively expressed by immature dendritic cells 
(DCs) both in vitro and in vivo and is downregulated on 
DC maturation77,78. Inhibition of HO-1 in DCs reduces 
their phagocytic capacity, enhances their expression of 
co-​stimulatory molecules and increases their production 

of pro-​inflammatory cytokines such as IL-12 and IL-23, 
resulting in greater activation and polarization of  
T cells towards inflammatory subsets such as T helper 
1 cells (TH1 cells) and TH17 cells77–82. Conversely, HO-1 
induction promotes tolerogenic DCs by inhibiting these 
pro-​inflammatory functions and maintaining DCs in an 
immature-​like phenotype, with a consequent reduction 
in effector T cell responses and promotion of regulatory 
T cell (Treg cell) responses77,78,81–83. These observations are 
supported by multiple in vivo models of inflammatory 
or autoimmune disease, where upregulation of HO-1 
in DCs was responsible for the suppression of pro-​
inflammatory T cells, promotion of Treg cell differentia-
tion and amelioration of harmful inflammation84–87. Both 
CO and biliverdin have been reported to exert similar 
immunomodulatory effects in DCs in vitro88–91, suggest-
ing that there are multiple mechanisms downstream of 
haem catabolism by HO-1 that contribute to its activity 
in DCs. For example, inhibition of MAPK signalling has 
been reported as a potential mechanism underlying the 
suppression of DC maturation and pro-​inflammatory 
functions by HO-1 (refs82,83). However, further research 
is required to elucidate the contributions of HO-1 reac-
tion products and their mechanism of action in DCs, 
particularly in relevant in vivo settings. Nonetheless, it is 
evident that the HO-1 system is of particular importance 
in DCs, and given the central immunoregulatory role 
played by these cells in the generation of both innate and  
adaptive immune responses, they are an attractive tar-
get for the development of novel anti-​inflammatory 
therapies.

Regulation of T cells by HO-1. While HO-1 is strongly 
associated with immunoregulation in myeloid cells, less 
is known of its role in T cell biology. A number of stud-
ies using in vitro T cell models in the absence of DCs or 
other antigen-​presenting cells have reported that HO-1 
expression by T cells promotes Treg cells and inhibits 
TH17 cell differentiation and T cell proliferation92–95. 
Furthermore, it has been reported that HO-1 can 
inhibit TH17 cell differentiation through direct bind-
ing of STAT3, both in vitro and in an in vivo airway 
inflammation model96. However, other reports of HO-1-​
mediated anti-​inflammatory effects in T cells appear to 
be dependent on HO-1 expression in DCs rather than 
in T cells themselves97. For example, Treg cells from 
Hmox1−/− mice were found to be non-​impaired and 
functionally suppressive, and the reduced suppres-
sion by Treg cells observed under HO-1 inhibition was 
shown to be controlled by HO-1 activity in DCs80,81,98. 
Therefore, current evidence suggests that HO-1 mod-
ulates T cell activity primarily indirectly through its 
expression in DCs; HO-1 maintains DCs in an imma-
ture state, which promotes Treg cell differentiation and 
inhibits the generation of pro-​inflammatory T cell 
responses. However, direct action of HO-1 may con-
tribute to some of its observed effects in T cells, such 
as inhibition of proliferation and regulation of differ-
entiation. HO-1 has been reported to ameliorate TH17 
cell–Treg cell imbalances in various in vivo models of 
T cell-​mediated disease96,99–101. Whether this is achieved 
via HO-1 activity in DCs or other antigen-​presenting 

Box 2 | Antioxidant activity of HO-1

Haem oxygenases have long been recognized as cytoprotective enzymes, owing to their 
ability to catabolize cytotoxic free haem and generate antioxidants. Haem oxygenase 1 
(HO-1) is the most important haem oxygenase isozyme in providing protection against 
oxidative stress, as it is highly inducible by free haem and numerous other pro-​oxidant 
stimuli3,21,22. The significance of HO-1 as a general cytoprotective mechanism is 
highlighted in studies of HO-1-​deficient cells and animals, as well as patients with  
HO-1 deficiencies or impairments, which display increased susceptibility to oxidative 
stress and associated diseases16,19,225,226.

Although free haem is highly cytotoxic, it is unclear why haem catabolism is 
upregulated in response to oxidative stress; one suggestion is that release of labile 
haem from haemoproteins might be a generalized feature of cell stress3. It has also  
been reported that HO-1 can translocate to the nucleus and upregulate antioxidant 
genes independently of its enzymatic function227,228. However, it is believed that most  
of its cytoprotective effects result from the activity of its reaction products: carbon 
monoxide (CO), biliverdin and bilirubin. Bilirubin is one of the most potent antioxidants 
found in mammalian cells and is particularly important in protection against lipid 
peroxidation229–231. Although not as potent as bilirubin, biliverdin also displays 
antioxidant activity and can be tolerated at higher concentrations than bilirubin232. 
Additionally, biliverdin reductase, which is induced by biliverdin to catalyse its 
conversion into bilirubin, exerts broad antioxidant and anti-​inflammatory effects,  
both dependent on and independently of its enzymatic activity232,233. Meanwhile, CO, 
although not an antioxidant itself, mediates a significant portion of the cytoprotective 
effects ascribed to HO-1; this is largely achieved through its interactions with 
metalloproteins, which generate reactive oxygen species and activate various 
antioxidant and anti-​inflammatory pathways3,121,226. The antioxidant response initiated 
by CO includes upregulation of HO-1 itself234–236, allowing the HO-1 system to exert 
positive feedback over its own activity.
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cells or in T cells remains unclear, however, there clearly 
exists a solid rationale for targeting the HO-1 system to 
regulate T cell responses.

Regulation of immunometabolism by HO-1. Finally, 
emerging evidence suggests that crosstalk between the 
HO-1 system and cellular metabolism may contribute 
to the regulation of immune cells by HO-1. It is now 
appreciated that the metabolic activity of immune cells 
underpins their differentiation and function, with differ-
ent bioenergetic pathways supporting different modes 
of immune programming that are both cell specific and 
context specific102. Although HO-1 is known to mod-
ulate cellular bioenergetics via its role in haem/iron 
metabolism and redox homeostasis (reviewed in ref.103), 
its relationship to the metabolism of immune cells has 
only recently begun to be explored. Many of the effects 
of HO-1 on cellular and systemic metabolism have been 
attributed to the activity of its reaction products. For 
example, CO has been described to inhibit glycolysis 
and promote mitochondrial metabolism (reviewed in 
ref.104), and numerous similarities between the activi-
ties of CO and the antidiabetes drug metformin have 
been observed in immunometabolism and metabolic 
disease105. Meanwhile, Gilbert syndrome (adult hyper-
bilirubinaemia) is believed to be protective against 
metabolic syndrome, diabetes and obesity106,107, and 

an iron-​rich diet has been reported to improve glucose 
tolerance in mice via activation of AMPK108.

Metabolic signalling has also been described to 
regulate HO-1 expression. For example, blockade of 
fumarase (the tricarboxylic acid (TCA) cycle enzyme 
that converts fumarate into malate) has been reported 
to upregulate HO-1 (ref.109), as has itaconate, another 
TCA cycle-​derived metabolite produced by activated 
macrophages110. The transcription factor HIF1α — 
now identified as one of the major drivers of enhanced 
glycolysis in activated macrophages, DCs and certain 
T cell subsets111–113 — is also a known promoter of HO-1 
expression33. Additionally, HO-1 has been reported 
to downregulate the expression and activity of nitric 
oxide synthases114, which generate NO required for 
the inhibition of oxidative phosphorylation during the 
switch to glycolytic metabolism in pro-​inflammatory 
macrophages111. Moreover, NO itself can also promote 
expression of HO-1 (ref.114). It is therefore plausible 
that HO-1 is upregulated during metabolic reprogram-
ming in activated immune cells as a negative-​feedback 
mechanism to counteract associated increases in reac-
tive oxygen species generation and inflammation102,115. 
Furthermore, AMPK appears to be a central regulator 
of immunometabolism, linking activation of catabolic 
metabolism, such as oxidative phosphorylation and 
fatty acid oxidation, with anti-​inflammatory immune 
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programmes, in part through upregulation of HO-1. 
Increased activation of AMPK has been reported in 
anti-​inflammatory immune cells such as Treg  cells, 
alternatively activated/M2-​like macrophages and toler-
ogenic DCs116–118, and signalling through AMPK can 
activate NRF2 and upregulate HO-1 in multiple cell 
types45–47,49,50. We have recently demonstrated that certain 

phytochemicals (discussed later in this Review) modu-
late human DC metabolism and immune function via 
AMPK-​dependent induction of HO-1 (ref.48). As the 
field of immunometabolism continues to evolve, it will 
be interesting to further explore the role of HO-1 as an 
immunomodulator and cytoprotectant during metabolic 
reprogramming in immune cells, and as a potential target 
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for therapeutic modulation of immunometabolism in 
inflammatory disease119,120.

HO-1 in disease
Given their extensive antioxidant and anti-​inflammatory 
properties, it is unsurprising that HO-1 and its products 
have been associated with beneficial outcomes in inflam-
matory diseases. It has been suggested that HMOX1 
polymorphisms resulting in greater expression of HO-1 
are protective against harmful inflammation, while those 
resulting in impaired HMOX1 transcription have been 
associated with an increased risk of diseases such as 
atherosclerosis121–123. For example, the presence of the 
long allele of a (GT)n microsatellite polymorphism in 
the HMOX1 gene promoter results in decreased HO-1 
expression, conferring susceptibility to diseases includ-
ing rheumatoid arthritis and chronic obstructive pul-
monary disease (COPD)124,125. However, the short allele, 
which results in increased HO-1 expression, confers pro-
tection in these diseases. Furthermore, modulation of 
the HO-1 system has been widely investigated as a novel 
treatment strategy in various preclinical disease models; 
a selection of inflammatory and autoimmune diseases 
for which HO-1 and its products have shown the most 
promise are discussed in the following subsections.

Inflammatory bowel disease. Under homeostatic con-
ditions, HO-1 is weakly expressed in the gastrointes-
tinal tract. However, increased HO-1 expression has 
been observed in both inflammatory cells and intestinal 
epithelial cells from patients with inflammatory bowel 
disease (IBD)52,53. In murine models of colitis, increased 
levels of HO-1 have been observed in inflamed colonic 
tissue, particularly in endothelial cells, macrophages and 
neutrophils, and it has been proposed that these cells 
may increase HO-1 expression to control inflammation 
and oxidative stress126–128. In support of this hypothesis, 
inhibition of haem oxygenase activity results in increased 
damage to the colon in the 2,4,6-​trinitrobenzenesulfonic 
acid (TNBS)-​induced colitis model127 and elevated levels 
of pro-​inflammatory cytokines in the dextran sodium 
sulfate (DSS)-​induced colitis model128. Furthermore, 
administration of low concentrations of CO alleviates 
colitis symptoms in mouse models through upregula-
tion of HO-1 expression129,130. Bilirubin has also been 
reported to attenuate symptoms of colitis in multiple 
models, through limiting leukocyte trafficking and 
pro-​inflammatory cytokine production, and promot-
ing IL-10 signalling131–133. HO-1 induction via haemin 
in the DSS-​induced colitis model was correlated with 
an inhibition of TH17 cell responses, and promotion of 
Treg cell numbers and function100. Haemin administra-
tion has also recently been reported to attenuate colitis 
symptoms by reducing the number of pro-​inflammatory 
myeloid-​derived cells, such as M1 macrophages, and 
increasing the number of anti-​inflammatory M2 macro
phages in colon tissue134. Furthermore, administration 
of the HO-1 inducer cobalt protoporphyrin IX before 
initiation of DSS-​induced colitis has been reported to 
reduce apoptosis of colonic epithelial cells and decrease 
colonic inflammation53. The mechanism of action of  
5-​aminosalicylic acid (5-​ASA), an anti-​inflammatory 

drug used as a first-​line treatment for IBD, may be 
attributed, in part, to upregulation of HO-1 (refs135,136). 
Together, this evidence provides a strong basis for HO-1 
induction as a potential therapy for IBD; however,  
further clinical investigation is necessary.

Psoriasis. The skin is constantly exposed to environ-
mental stressors such as UV radiation, requiring it to 
have access to a robust suite of antioxidant and anti-​
inflammatory mediators, including both HO-1 and 
HO-2, to protect itself from cellular damage137. In pso-
riasis, HO-1 appears to play a central role in the protec-
tion of skin from chronic inflammation: upregulation 
of HO-1 has been observed in psoriatic plaques, and 
increased levels of HO-1 have been detected in serum 
of patients compared with controls138,139. Furthermore, 
upregulation of HO-1 has been demonstrated to inhibit 
skin inflammation and keratinocyte proliferation in 
preclinical models of psoriasis. In two different rodent 
models, upregulation of HO-1 via cobalt protoporphy-
rin IX was associated with amelioration of skin lesions 
and reduced inflammation; Listopad et al. reported a 
decrease in T cell-​mediated skin inflammation, which 
was accompanied by increased HO-1 activity in antigen-​
presenting cells, while Ma et al. observed a reduction in 
tumour necrosis factor (TNF) expression and an increase 
in IL-10 expression, which were reversible with HO-1 
inhibition79,140. Similarly, topical application of haemin in  
the imiquimod-​induced psoriasis model resulted 
in increased expression of HO-1 and a concomitant 
decrease in the severity of psoriatic lesions, which was 
attributed to negative regulation of STAT3 signalling by 
HO-1 (ref.141). Induction of HO-1 is also associated with 
existing treatments for psoriasis. For example, photo
therapy involving exposure to UVA radiation upregu-
lates HO-1 expression in skin137,142. Dimethyl fumarate 
(DMF), an immunosuppressant used to treat both psori-
asis and multiple sclerosis, has also been reported to act 
in part through HO-1 induction143–147. Whether HO-1 
activity is required for the efficacy of these therapies 
remains unclear; however, these studies provide further 
support for the modulation of HO-1 expression as a 
potential treatment for psoriasis.

Multiple sclerosis. HO-1 and its products have been 
shown to have protective effects in multiple sclerosis and 
its mouse model, experimental autoimmune encepha-
lomyelitis (EAE)87,148. HO-1 expression is reduced in 
peripheral blood mononuclear cells of patients with 
multiple sclerosis compared with controls and is further 
downregulated in patients experiencing disease relapse 
compared with those with stable disease or receiv-
ing corticosteroid treatment54. Furthermore, HO-1 
upregulation has been observed in glial cells within 
multiple sclerosis plaques, likely as a local response to 
neuroinflammation149. In an EAE model, HO-1-​deficient 
mice exhibited a severer disease phenotype than wild-​
type mice, and induction of HO-1 resulted in reduced 
disease scores and a reduction in inflammatory T cell 
infiltration into the central nervous system87. Induction 
of HO-1 during EAE has also been reported to reduce 
production of pro-​inflammatory cytokines and to 

Haemin
An endogenously produced 
haem molecule containing a 
chloride ion. Haemin is also 
available as a purified product 
from mammalian red blood 
cells, which is used both in 
research as an inducer of haem 
oxygenase 1 (HO-1) and in 
medicine as a treatment for 
porphyria.
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increase production of IL-10 (ref.150). Furthermore, CO has  
been demonstrated to improve disease outcomes in EAE,  
while biliverdin reductase and bilirubin suppressed  
EAE onset and progression87,151–153. While research in this 
area is still in the early stages, these studies indicate that 
therapies modulating the HO-1 system may be beneficial 
as a novel treatment strategy for multiple sclerosis.

Inflammatory lung diseases. HO-1 and its products 
have shown therapeutic potential for a number of dis-
eases characterized by lung inflammation. For example, 
biliverdin administration protected rats from endotoxic 
shock, reduced serum levels of IL-6 and promoted IL-10 
expression in a model of acute lung injury154. Moreover, 
inhaled CO has been extensively investigated as a poten-
tial therapy for lung inflammation155,156. However, despite 
being well tolerated, it showed no therapeutic efficacy in 
a recent phase II clinical trial for idiopathic pulmonary 
fibrosis157. Low-​dose CO inhalation appears to specifi-
cally upregulate genes associated with oxidative phos-
phorylation in peripheral blood mononuclear cells from 
patients with idiopathic pulmonary fibrosis158, indicat-
ing that this therapy may promote metabolic pheno-
types associated with anti-​inflammatory immune cells. 
However, further studies are required to fully elucidate 
these effects and determine whether CO administration 
is beneficial in idiopathic pulmonary fibrosis.

Meanwhile, the chronic inflammation associated 
with COPD has been identified as a promising target 
for treatment with HO-1 and/or CO. As previously 
mentioned, polymorphisms resulting in reduced HO-1 
expression lead to increased susceptibility to COPD125,159. 
It has also been suggested that a decrease in NRF2 and 
HO-1 expression is associated with COPD progres-
sion, and therefore their induction could potentially 
be therapeutic160. NRF2 activation can reverse defects 
typically seen in the alveolar macrophages of patients 
with COPD by increasing their phagocytic capacity161,162. 
NRF2 activation, downstream of AMPK and WNT 
signalling, also resulted in decreased expression of 
pro-​inflammatory markers in normal human bron-
chial epithelial cells and murine models of COPD163. 
Overexpression of HO-1 in a murine model of COPD 
also results in decreased expression of pro-​inflammatory 
markers and increased expression of IL-10 (ref.164). The 
leading cause of COPD is smoking, and patients with 
COPD who smoke display higher levels of exhaled 
CO than non-​smoking controls165. Higher levels of 
CO-​bound haemoglobin have been observed in patients 
with COPD than in controls, with increased levels cor-
relating with increased disease severity166. Despite this, 
CO inhalation has also shown therapeutic potential for 
treatment of COPD; a clinical trial involving patients 
with COPD reported a reduction in sputum eosinophil 
numbers and improved responsiveness to methacholine 
as a measure of airway sensitivity with CO treatment167.

Organ transplantation. Oxidative damage and ischaemic 
stress are of major concern during organ transplantation, 
as they can negatively impact the health and survival  
of grafted tissue. Furthermore, ongoing suppression of 
the host immune response is necessary to prevent graft 

rejection. HO-1 and its products are under investigation 
as protective agents during transplantation, due to their 
recognized antioxidant and anti-​inflammatory prop-
erties. Biliverdin administration has been found to be 
particularly efficacious against ischaemia–reperfusion 
injury in animal models of small bowel168, liver169, lung170 
and heart171 transplant. Furthermore, CO administration 
in models of organ transplantation has been shown to 
limit ischaemia–reperfusion injury to donor organs and 
suppress graft rejection (reviewed in ref.172). Dual treat-
ment with both biliverdin and CO displayed increased 
efficacy compared with either treatment alone in ani-
mal models of lung transplant173, or heart and kidney 
transplant174. Furthermore, HO-1 induction displayed 
protection during transplantation of pancreatic islets 
for treatment of type 1 diabetes, increasing the survival, 
improving the function and increasing the number of 
effectively transplanted islets175,176. As well as providing 
graft protection during transplantation, NRF2 acti-
vation and/or HO-1 induction has been reported to 
increase long-​term host survival in a murine model of 
graft-​versus-​host disease177 and to attenuate chronic 
rejection following transplantation178–180. Furthermore, 
an HMOX1 polymorphism resulting in higher HO-1 
expression results in greater survival for patients 
undergoing bone marrow transplants122.

In summary, HO-1 and its products have been 
demonstrated to protect against harmful inflammation 
in numerous preclinical disease models. This compelling 
evidence supports HO-1 as a viable therapeutic target 
for the treatment of chronic inflammation. However, 
clinical implementation of this treatment strategy faces 
further challenges, as discussed in the next section.

Therapeutic modulation of HO-1
Despite the body of evidence supporting modulation 
of the HO-1 system as a treatment for diseases charac-
terized by damaging inflammation or oxidative stress, 
clinical implementation of HO-1-​based therapies faces 
numerous challenges. Traditional HO-1 inducers are 
primarily metalloporphyrins, which strongly upregu-
late HO-1 expression but are also associated with sig-
nificant toxicity concerns and thus are unsuitable for 
clinical use. Furthermore, clinical administration of 
HO-1 reaction products — such as CO or linear tetra-
pyrroles — is also limited by toxicity and bioavailability 
issues. Therefore, there is a great need to identify safer 
and better-​tolerated alternatives to currently available 
sources of HO-1 inducers and reaction products. We 
highlight some of the most promising candidates in the 
following discussion (Table 1).

Phytochemicals. Many plant-​derived compounds (phy-
tochemicals) are commonly used as dietary and health 
supplements and have been extensively studied as anti-
oxidant and anti-​inflammatory agents181. Owing to their 
natural occurrence and regular consumption, indicat-
ing low toxicity, many are being explored as potential 
disease-​modifying drugs, and a number have been 
reported to upregulate HO-1 (refs42,182–184). The ability 
of phytochemicals to induce HO-1, along with their 
therapeutic potential for inflammatory diseases, has 
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Table 1 | Therapeutic potential of HO-1 inducers

Type of HO-1 
inducer

Specific 
chemical or 
drug

Cell type or 
disease model

Effects of treatment Disease 
relevance

Effect dependent on HO-1? Ref.

Phytochemicals Curcumin Human DCs Reduced DC maturation and 
pro-​inflammatory cytokine 
production

Psoriasis Yes — the HO-1 inhibitor 
SnPP and the CO scavenger 
haemoglobin reversed effects

82

Human PBMCs Reduced T cell proliferation  
and cytokine production

Psoriasis Unknown — not examined 82

EAE, murine DCs Reduced EAE disease scores, 
increased STAT3 activation  
and inhibited Il12b and Il23a 
expression in DCs

Multiple sclerosis Unknown — inferred from data 
as overexpression of HO-1 
results in increased STAT3 
phosphorylation

85

Carnosol Human DCs Reduced DC maturation and 
pro-​inflammatory cytokine 
production

Psoriasis Yes — the HO-1 inhibitor 
SnPP and the CO scavenger 
haemoglobin reversed effects

82

Endothelial cells Inhibited NF-​κB nuclear 
translocation and inhibited  
ICAM1 expression

Atherosclerosis Yes — HMOX1 siRNA reversed 
effects

209

Resveratrol HT-29 intestinal 
cells

Increased nuclear accumulation  
of PPARγ

IBD Unknown — not examined 210

Synoviocytes, 
adjuvant-​ 
induced arthritis

Decreased arthritis scores and 
inhibited NF-​κB activation and 
promoted miR-29a and miR-23a 
expression

Rheumatoid 
arthritis

Potentially — Nfe2l2 siRNA, and 
miR-29a and miR-23a inhibition, 
prevented HO-1 induction and 
promoted proliferation

211

Quercetin T cell-​dependent 
colitis model

Reduced disease symptoms and 
pro-​inflammatory cytokine production

IBD Yes — effects reversed with 
Hmox1 siRNA

212

Zymosan-​ 
induced arthritis

Reduced pro-​inflammatory  
cytokine production, NF-​κB 
activation and disease symptoms

Rheumatoid 
arthritis

Unknown — not examined 213

Collagen-​ 
induced arthritis

Reduced disease scores, increased 
Treg cell numbers and decreased 
production of pro-​inflammatory 
cytokines

Rheumatoid 
arthritis

Yes — decrease in production 
of pro-​inflammatory markers 
inhibited by Hmox1 siRNA

214

Sulforaphane DSS-​induced 
colitis

Reduced disease scores and 
decreased levels of pro-​ 
inflammatory markers

IBD Unknown — not examined 215

EAE Reduced disease scores, inhibited 
IL-17 , IFNγ, IL-12 and IL-23

Multiple sclerosis Unknown — not examined 216

Murine DCs Inhibited IL-12, IL-23 and NF-​κB Multiple sclerosis Yes — HO-1 binds to p65, 
reducing binding to Il12b and 
Il23a promoter sites

217

Existing drugs DMF PBMCs Reduced pro-​inflammatory  
cytokine production

Psoriasis Partially — reduction in IL-12 
and IFNγ production reversed 
by HMOX1 siRNA and SnPP

143

Human DCs, 
CD4+ T cells, EAE

Inhibited pro-​inflammatory cytokines 
and promoted anti-​inflammatory 
cytokines, ameliorating disease

Multiple sclerosis, 
psoriasis

Partially — IL-23 inhibition 
reversed by HMOX1 siRNA

146

DSS-​induced 
colitis

Attenuated disease and reduced 
production of pro-​inflammatory 
markers

IBD Potentially — reduction in 
pro-​inflammatory marker 
production and HO-1 induction 
abolished in Nrf2−/− mice

190

5-​ASA TNBS-​induced 
colitis

Reduced disease severity, lesion  
area and MPO activity

IBD Yes — effects reversed with the 
HO-1 inhibitor ZnPP

135

TNBS-​induced 
colitis

Ameliorated disease and reduced 
production of inflammatory markers

IBD Unknown — not examined 136

5-​ALA Cardiac allograft Increased graft acceptance and 
Treg cell numbers, and decreased 
numbers of CD8+ T cells

Transplantation Partially — ZnPP, an HO-1 
inhibitor, decreased survival  
in 5-​ALA-​treated mice

192

Osteoclasts, 
osteoblasts

Inhibited IL-6 and RANKL expression Rheumatoid 
arthritis

Unknown — not examined 193

DHA TNBS-​induced 
and OXA-​induced 
colitis

Ameliorated symptoms and decreased 
numbers of TH1 cells and TH17 cells 
and increased numbers of Treg cells

IBD Yes — effects reversed on 
inhibition of HO-1 with SnPP

194
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recently been reviewed in detail elsewhere185; therefore, 
we have provided only a brief overview of some of the 
leading candidates in Table 1. Despite the considerable 
number of preclinical studies that support the use of 
phytochemicals as anti-​inflammatory agents and alter-
native HO-1 inducers, much of this research is limited 
in its applicability to human disease. For example, many 
phytochemicals have low oral bioavailability and/or 
are digested and metabolized into different conjugates 
before reaching the systemic circulation186. Moreover, 
they are frequently studied at supraphysiological con-
centrations far in excess of those achievable by dietary 
consumption186,187. However, two small patient trials 
investigating the polyphenol and HO-1 inducer cur-
cumin as a treatment for psoriasis both reported reduced 

disease scores using oral formulations with increased 
bioavailability188,189. Therefore, it is clear that consider-
ation of the bioavailability, route of administration and 
effective dosages, as well as further human studies, are 
necessary before phytochemical HO-1 inducers can be 
translated to the clinic.

Existing drugs. Certain existing drugs used to treat 
inflammation have been reported to activate NRF2  
and/or upregulate HO-1. As previously mentioned, the 
efficacy of DMF, a drug licensed for treatment of psori-
asis and multiple sclerosis, may be partially attributed to 
activation of NRF2 and induction of HO-1 (refs143–147). 
DMF treatment has also shown promise in a colitis 
model, in which it attenuated disease symptoms and 

Type of HO-1 
inducer

Specific 
chemical or 
drug

Cell type or 
disease model

Effects of treatment Disease 
relevance

Effect dependent on HO-1? Ref.

Carbon 
monoxide-​ 
based 
therapies

CORMs Rat brain 
astrocytes

Inhibited Mmp9 mRNA expression 
and cell migration

Neuroinflammation Yes — reversed with Hmox1 
siRNA

195

ConA-​induced 
hepatitis

Reduced disease scores and  
reduced production of 
pro-​inflammatory markers

Autoimmune 
hepatitis

Unknown — not examined 197

T cell transfer 
colitis model

Attenuated disease symptoms  
and reduced IL-17 secretion

IBD Unknown — not examined 198

Hybrid 
carbon 
monoxide-​ 
releasing 
molecules

LPS-​challenged 
mice

Reduced production of 
pro-​inflammatory and  
increased production of 
anti-​inflammatory markers

Inflammatory 
diseases

Potentially — reversal of effects 
in Nrf2−/− mice was partially 
observed and organ specific

201

EAE, imiquimod-​ 
induced psoriasis

Reduced disease scores and 
symptoms

Multiple sclerosis, 
psoriasis

Unknown — not examined 200

Novel inducers Itaconate Murine BMDMs, 
human PBMCs

Reduced pro-​inflammatory  
cytokine production

Inflammatory 
diseases

Potentially — inhibition of IL-1β 
reversed with Nrf2−/− mice and 
Nfe2l2 siRNA

110

Murine BMDMs, 
imiquimod-​ 
induced psoriasis

Reduced pro-​inflammatory  
cytokine production and  
ameliorated disease

Psoriasis No — reduction in 
pro-​inflammatory cytokine 
production not reversed 
in Nrf2−/− BMDMs, but not 
examined in the in vivo model

202

Patient-​derived 
PBMCs

Reduced NF-​κB activation  
and TNF production

SLE Potentially — reduction 
reversed with NFE2L2 shRNA

203

KI-696 Ozone-​exposed 
rats

Reduced numbers of inflammatory 
cells in bronchoalveolar lavage  
fluid, and increased antioxidant 
levels

Lung 
inflammation/
COPD

Potentially — inferred  
from data due to specificity  
of agonist and induction of 
HO-1, however not definitively 
proven

204

Macrophages 
(from patients 
with COPD)

Increased phagocytosis of the 
bacterium Streptococcus pneumoniae

COPD Potentially — inferred  
from data due to specificity  
of agonist and induction of 
HO-1, however not definitively 
proven

162

Aromatic 
ketoacids

Murine BMDMs, 
glial cells

Inhibited pro-​IL-1β, iNOS and IL-6 Inflammatory 
diseases

Unknown — not examined 205

Murine BMDMs, 
LPS-​challenged 
mice

Inhibited LPS-​induced glycolytic 
shift, pro-​IL-1β and HIF1α

Inflammatory 
diseases

Unknown — not examined 206

5-​ALA, 5-​aminolevulinic acid; 5-​ASA, 5-​aminosalicylic acid; BMDM, bone marrow-​derived macrophage; ConA, concanavalin A; COPD, chronic obstructive 
pulmonary disease; CORM, carbon monoxide-​releasing molecule; DC, dendritic cell; DHA, dihydroartemisinin; DMF, dimethyl fumarate; DSS, dextran sulfate 
sodium; EAE, experimental autoimmune encephalomyelitis; HIF1α, hypoxia-​inducible factor 1 α; HO-1, haem oxygenase 1; IBD, inflammatory bowel disease;  
IFNγ, interferon-​γ; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MPO, myeloperoxidase; OXA, oxazolone; PPARγ, peroxisome proliferator-​activated 
receptor-​γ; PBMC, peripheral blood mononuclear cell; shRNA, small hairpin RNA; siRNA, small interfering RNA; SLE, systemic lupus erythematosus; SnPP, tin 
protoporphyrin IX; TH1 cell, T helper 1 cell; TH17 cell, T helper 17 cell; TNBS, 2,4,6-​trinitrobenzenesulfonic acid; TNF, tumour necrosis factor; Treg cell, regulatory 
T cell; ZnPP, zinc protoporphyrin IX.

Table 1 (cont.) | Therapeutic potential of HO-1 inducers
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reduced levels of pro-​inflammatory markers through 
NRF2 activation190. Similarly, 5-​ASA, the aforemen-
tioned first-​line therapy for IBD, may also count HO-1 
upregulation as part of its mechanism of action135,136. 
Administration of 5-​ASA in the TNBS-​induced model 
increased colonic haem oxygenase activity and HO-1 
expression and reduced colonic inflammation, while 
inhibition of HO-1 abolished its anticolitic effect135. 5-​
ASA, and its prodrug sulfasalazine, activated NRF2 and 
HO-1 only when gut inflammation was present, which 
was attributed to the oxidation requirement of the 
drug136. 5-​Aminolevulinic acid is a haem precursor typ-
ically used in the diagnosis and treatment of cancer, and 
a recent study reported that HO-1 induction may par-
tially contribute to its therapeutic mechanism191. NRF2 
activation and HO-1 upregulation by 5-​aminolevulinic 
acid have also shown therapeutic potential for pro-
longing graft survival and treatment of rheumatoid 
arthritis192,193. In a murine model of IBD, dihydroarte-
misinin, a drug typically used to treat malaria, amelio-
rated disease symptoms by decreasing the number of 
inflammatory CD4+ T cells through HO-1 induction194. 
These drugs could therefore be suitable for use as HO-1 
inducers owing to their existing regulatory approval and 
safety data.

CO-​based therapies. CO-​releasing molecules (CORMs) 
are CO-​carrier compounds designed to deliver con-
trolled release of CO to target tissues as an alternative 
to CO gas inhalation. Two CORM candidates, CORM-​
A1 and CORM3, have been reported to upregulate 
HO-1 and provide protection in various models of 
inflammation195–198. This method of CO administration 
may therefore allow safer therapeutic use of CO, particu-
larly as CORMs do not alter levels of CO-​bound haemo-
globin, overcoming the risk of CO poisoning associated 
with gas inhalation199. However, further research is 
required before the use of CORMs is extended to 
clinical settings, particularly regarding the toxicity 
associated with the backbone carrier moiety of these 
compounds, which typically contains a heavy metal, as 
well as determination of a safe dose that will produce 
an effective concentration in specific tissues121. Hybrid 
CO-​releasing molecules are an interesting class of novel 
CO-​based therapies and are synthesized by conjugation 

of a CORM with an NRF2-​inducing factor, for example 
CORM-401 combined with analogues of DMF. These 
compounds have the dual benefit of releasing CO for ini-
tial, rapid action, followed by longer-​lasting protection 
produced by activation of NRF2 (refs200,201). Examples 
of these compounds have been confirmed to activate 
NRF2 and upregulate HO-1 in different cells and tis-
sues, and to reduce inflammation in lipopolysaccharide-​
challenged mice and in models of psoriasis and multiple 
sclerosis200,201. However, similarly to their parent com-
pounds, hybrid CO-​releasing molecules face challenges 
regarding their toxicity owing to the presence of metals 
in their structures.

Novel inducers. Recently, there has been interest in iden-
tifying novel HO-1 inducers that may show potential as 
anti-​inflammatory therapies. Itaconate, an endogenous 
metabolite, has been reported to activate NRF2 through 
modification of cysteine residues on KEAP1, inducing 
downstream HO-1 expression and reducing inflamma-
tion in both murine and human immune cells110. Itaconate 
also ameliorated disease severity in a murine model of 
psoriasis and limited pro-​inflammatory cytokine pro-
duction via NRF2 activation in samples from patients 
with systemic lupus erythematosus202,203. Another novel 
NRF2 activator, KI-696, has shown therapeutic poten-
tial for COPD. This compound specifically inhibits the 
KEAP1–NRF2 interaction, leading to activation of NRF2 
and upregulation of NRF2-​regulated genes, including 
HMOX1 (ref.204). KI-696 has shown therapeutic potential 
to treat COPD by reducing the number of inflammatory 
cells in the bronchoalveolar lavage fluid of ozone-​exposed 
mice, used as a model of respiratory disease, as well as 
increasing the phagocytic capacity of lung macrophages 
in patients with COPD162. Finally, aromatic ketoacids 
secreted by the parasite Trypanosoma brucei have recently 
been reported to induce HO-1 via NRF2 activation and to 
downregulate inflammation in murine immune cells205,206. 
These ketoacids require further study to fully eluci-
date their mechanism of action; however, they may be  
novel therapeutic candidates for inflammatory diseases 
through their upregulation of HO-1.

Limitations of HO-1-​based therapies. Despite the large 
amount of evidence presented in this Review in support 
of HO-1 as a promising candidate to treat inflammatory 
diseases, there remain many limitations to its appli-
cation that need to be overcome. Most of the studies 
examining the role of HO-1 in disease have used met-
alloporphyrins, Hmox1−/− animals or gene silencing to 
modify HO-1 expression and determine HO-1-​specific 
efficacy. However, these methods are not suitable for use 
in humans, making the findings of these studies difficult 
to translate to the clinic. These methods can also pro-
duce off-​target effects: for example, metalloporphyrins 
can inhibit other important signalling molecules, and 
simultaneously increase HO-1 expression while inhib-
iting its enzymatic activity207,208. The immunomodula-
tory effects of some HO-1 inducers may not appear to 
be attributed to HO-1 (Table 1). However, these associ-
ations can be difficult to test experimentally; for exam-
ple, the weak enzymatic inhibitors available for HO-1 

Box 3 | Outstanding questions

1.	� To what extent is haem oxygenase 1 (HO-1) expression regulated by epigenetic or 
post-​transcriptional mechanisms? Are these mechanisms relevant to immune cells 
and can they be targeted to modulate HO-1 in clinical settings?

2.	� Does HO-1 play a significant role in immune cells other than myeloid-​lineage cells 
such as monocytes, macrophages and dendritic cells?

3.	� What are the mechanisms that contribute to the immunomodulatory activity  
of HO-1 in immune cells, and to what extent are these relevant in vivo?

4.	 How does expression of HO-1 regulate immunometabolism, and vice versa?
5.	� What alternative models are available to study the therapeutic potential of HO-1 that 

are more relevant to human disease (for example, organoids or humanized mice)?
6.	� How can the issues surrounding HO-1 inducers and inhibitors (such as toxicity, 

specificity and bioavailability) be overcome in order to use these in the clinic?
7.	� Can existing drugs that have been reported to upregulate HO-1 be repurposed to 

exploit their HO-1-inducing capacity for the treatment of diseases where HO-1 has 
shown therapeutic potential?
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may be overwhelmed by particularly strong inducers, 
while use of Hmox1−/− mice is often limited by breed-
ing difficulties associated with this particular strain208. 
Many studies have therefore turned to NRF2 inhibitors 
or knockout mice as an alternative, but it is then difficult 
to parse HO-1-​specific effects given the wide range of 
antioxidant and cytoprotective genes regulated by NRF2. 
Finally, as mentioned earlier, many HO-1-​based thera-
peutics under investigation have associated toxicity or 
bioavailability concerns, while HO-1 induction itself can 
prove detrimental in situations where inflammation is 
beneficial, potentially putting patients at increased risk 
of infection or cancer. All of these factors must be consid-
ered for successful translation of potential HO-1-​based  
therapeutics to the clinic.

Concluding remarks
The haem oxygenase system, an ancient arm of iron 
metabolism common to bacteria, plants and animals, 
has long been ignored by immunologists as a routine 
biochemical pathway of little clinical consequence. 

However, research over the last two decades has renewed 
interest in haem catabolism as its diverse roles in reg-
ulating oxidative stress, immune function and cellular 
metabolism have become apparent. The stress-​inducible 
isozyme HO-1 is protective in numerous models of 
autoimmune disease and inflammation and is a viable 
clinical target. Harnessing the therapeutic potential 
of HO-1 remains limited by a lack of clinically suitable 
HO-1 inducers and reaction products. Therefore, fur-
ther study of novel or alternative HO-1 modulators, as 
well as the potential to repurpose existing drugs as HO-1 
inducers, should be pursued. Furthermore, a number of 
outstanding questions surrounding the immunomod-
ulatory role of HO-1 and its application require explo-
ration (Box 3). Future research will no doubt uncover 
additional links between this polyfunctional enzyme 
and the complex networks of redox, immune and meta-
bolic signalling and further enhance its reputation as an 
important immunomodulator.
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Abstract: The extracellular parasite and causative agent of African sleeping sickness Trypanosoma
brucei (T. brucei) has evolved a number of strategies to avoid immune detection in the host. One
recently described mechanism involves the conversion of host-derived amino acids to aromatic
ketoacids, which are detected at relatively high concentrations in the bloodstream of infected indi-
viduals. These ketoacids have been shown to directly suppress inflammatory responses in murine
immune cells, as well as acting as potent inducers of the stress response enzyme, heme oxygenase 1
(HO-1), which has proven anti-inflammatory properties. The aim of this study was to investigate
the immunomodulatory properties of the T. brucei-derived ketoacids in primary human immune
cells and further examine their potential as a therapy for inflammatory diseases. We report that the
T. brucei-derived ketoacids, indole pyruvate (IP) and hydroxyphenylpyruvate (HPP), induce HO-1
expression through Nrf2 activation in human dendritic cells (DC). They also limit DC maturation
and suppress the production of pro-inflammatory cytokines, which, in turn, leads to a reduced
capacity to differentiate adaptive CD4+ T cells. Furthermore, the ketoacids are capable of modulating
DC cellular metabolism and suppressing the inflammatory profile of cells isolated from patients
with inflammatory bowel disease. This study therefore not only provides further evidence of the
immune-evasion mechanisms employed by T. brucei, but also supports further exploration of this
new class of HO-1 inducers as potential therapeutics for the treatment of inflammatory conditions.

Keywords: heme oxygenase 1; Trypanosoma brucei; inflammatory bowel disease; aromatic ketoacids;
dendritic cells; immunomodulation; anti-inflammatory therapies

1. Introduction

Infection of the mammalian vasculature and central nervous system (CNS) with the
extracellular protozoan parasite Trypanosoma brucei (T. brucei) can lead to fatal human sleep-
ing sickness, also known as African trypanosomiasis. Like most parasites, trypanosomes
are continuously challenged by the host-immune system, however, they have evolved very
effective evasion strategies in order to maintain infection and prolong the host’s survival [1].
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An infection with T. brucei is accompanied by the excretion of high levels of ketoacids into
the host’s bloodstream [2,3], a phenomenon that was, until recently, largely unexplained.
The ketoacids are derived from the conversion of aromatic amino acids (tryptophan, ty-
rosine, and phenylalanine) to indole pyruvate (IP), hydroxyphenylpyruvate (HPP), and
phenyl pyruvate (PP), through the action of a cytoplasmic aspartate aminotransferase
(TbcASAT), which is expressed by the parasite.

In recent years, we, and others, have demonstrated that these molecules have po-
tent immunomodulatory properties, which likely contribute to the suppression of host
immune responses, but that may also be exploited for potential therapeutic benefit [4–8].
For example, IP and HPP are potent inducers of the immunosuppressive enzyme heme
oxygenase-1 (HO-1) in murine glia and macrophages [5]. This occurs in a nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) dependent manner and leads to a reduction in LPS-
induced pro-inflammatory cytokines and innate immune cell maturation. Indeed, HO-1
has well established anti-inflammatory properties and is induced by a vast number of
stimuli during oxidative stress and inflammation. It catalyses the conversion of heme to
biliverdin with the liberation of free iron and carbon monoxide (CO). Biliverdin is then
converted to bilirubin by biliverdin reductase [9,10] and both biliverdin and bilirubin are
considered powerful antioxidants, while many of the anti-inflammatory effects of HO-1
are attributed to CO. The potent anti-inflammatory properties of HO-1 are underlined by
rare HO-deficiencies in humans and HO-1 knockout mice, which, along with the expected
sensitivity to oxidative stress, show high levels of chronic inflammation [11–13]. Unsurpris-
ingly, induction of HO-1 with known and novel HO-1 inducers is now being explored as
a therapy for a number of autoimmune and inflammatory diseases and we have recently
reviewed this in detail elsewhere [14].

In addition to HO-1 induction, T. brucei-derived ketoacids are also capable of inhibiting
HIF-1α–induced pro-IL-1β expression, as well as prostaglandin production, an effect which
was shown to be dependent on the activation of the aryl hydrocarbon receptor [4,5,8]. The
immunomodulatory effects of IP and HPP have also been confirmed in animal models of
disease. In a murine model of skin damage caused by exposure to ultraviolet B radiation,
administration of IP resulted in a reduction in damage lesions and expression of the
pro-inflammatory cytokines, IL-1β and IL-6 [6]. Furthermore, IP administration reduced
disease severity in the DSS colitis model, and this was accompanied by a decrease in the
expression of pro-inflammatory cytokines IL-12, TNF, IFNγ, and IL-1β, and an increase in
the expression of the anti-inflammatory cytokine IL-10 [7]. A reduction in Th1 cells, as well
as a reduced capacity for dendritic cells (DC) to activate T cells, was also observed [7].

Despite the recent interest in these ketoacids as immunomodulators, to date, they have
been primarily studied in murine immune cells with very little evidence to support their
mechanism of action in human immune cells. In this study, we investigate the immunomodu-
latory properties of the T. brucei-derived ketoacids, IP and HPP, in primary human immune
cells and further examine their potential as a therapy for inflammatory diseases.

2. Materials and Methods
2.1. Reagents and Chemicals

4-hydroxyphenylpyruvic acid (HPP) and indole-3-pyruvic acid (IP) were purchased
from Merck (Darmstadt, Germany) and dissolved in RPMI to a final concentration of 2 mM
before use. Ultrapure lipopolysaccharide (LPS) from E. Coli O111:B4 was purchased from
Enzo Life Sciences (Bruxelles, Belgium). Complete RPMI or complete IMDM were prepared
by supplementing with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 µg/mL streptomycin, which were all purchased from Merck (Darmstadt,
Germany). Lymphoprep is manufactured by Axis-Shield poC (Dundee, Scotland). GM-
CSF and IL-4 were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). The
protease inhibitor cocktail and High-Pure RNA Isolation Kit were purchased from Roche
(Basel, Switzerland). The western blot antibodies for Nrf2, HK2, p-AMPK, t-AMPK, p62
and LC3 were all purchased from Cell Signalling Technology (Danvers, MA, USA), while
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the antibody for HO-1 was purchased from Enzo Life Sciences (Bruxelles, Belgium), and
the β-actin antibody and secondary anti-rabbit were purchased from Merck (Darmstadt,
Germany). The Fixable Viability Dye, antibodies for CD40, CD80, CD83, and CD86, and
Annexin V & PI staining kit were all purchased from eBioscience (San Diego, CA, USA). The
DQ-Ovalbumin, CD3 and IL-17 flow antibodies, FIX & PERM™ Cell Permeabilization Kit,
anti-CD3, and all ELISA kits used were purchased from Invitrogen (Waltham, MA, USA).
The High-Capacity cDNA reverse transcription kit was purchased from Applied Biosystems
(Beverly, MA, USA) and the iTaq Universal SYBR Green mastermix from Bio-Rad (Hercules,
CA, USA). The MagniSort Human CD14 Positive Selection kit and MagniSort Human CD4
T cell Positive Selection kit were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The Zombie NIRTM Fixable Viability kit was purchased from BioLegend (San Diego,
CA, USA). The antibodies for CD8, ki67 and IFNγ were purchased from BD biosciences
(East Rutherford, NJ, USA). The Complete XF assay medium was purchased from Agilent
(Santa Clara, CA, USA). The Corning™ Cell-Tak Cell and Tissue Adhesive was purchased
from Fisher Scientific (Waltham, MA, USA). Oligomycin was purchased from Cayman
Chemicals (Ann Arbor, MI, USA) and carbonyl cyanide-p trifluoromethoxyphenylhydra-
zone (FCCP) from Santa Cruz biotechnology (Dallas, TX, USA). The HEK-BlueTM hTLR4
assay system was purchased from InvivoGen (San Diego, CA, USA). Dulbecco’s phosphate
buffered saline (PBS), enhanced chemiluminescent substrate, phosphatase inhibitor cock-
tail, Antioxidant assay kit, Phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin
A, rotenone, antimycin A, and 2-deoxy-D-glucose (2-DG) were all purchased from Merck
(Darmstadt, Germany).

2.2. Human Blood Samples

The Irish Blood Transfusion Service (IBTS) at St. James’s Hospital in Dublin supplied
leukocyte-enriched buffy coats for these studies, from donors who provided informed
written consent. Ethical approval was obtained from the research ethics committee of
the School of Biochemistry and Immunology at Trinity College Dublin, and all experi-
ments were carried out in accordance with the Declaration of Helsinki. Peripheral blood
mononuclear cells (PBMC) were isolated by a density gradient centrifugation. The cells
were cultured in complete RPMI medium and maintained in humidified incubators at
37 ◦C with 5% CO2.

2.3. Dendritic Cell Culture

The MagniSort Human CD14 Positive Selection kit was used according to the manu-
facturer’s protocol to positively select for CD14+ monocytes from PBMC. CD14+ monocytes
were then cultured at 1 × 106 cells/mL in complete RPMI and supplemented with GM-CSF
(50 ng/mL) and IL-4 (40 ng/mL) to generate monocyte-derived DC. On day three of culture,
half of the media was replaced with fresh media supplemented with cytokines at the same
starting concentration. On day six, non-adherent and loosely adherent cells were gently
removed for use. The purity of CD14loDC-SIGN+ DC was confirmed by flow cytometry
and was routinely >95%. DC were cultured at 1 × 106 cells/mL for all further assays.

2.4. Western Blot Experiments

For detection of HO-1 expression, DC were cultured in the presence of HPP or IP
(250–1000 µM) for 3, 6, and 24 h, or treated with the Nrf2 inhibitor ML385 (10 µM) for
1 h prior to treatment with HPP or IP at 1000 µM for 24 h. Cell lysates were prepared
by washing cells in PBS prior to lysis in RIPA buffer (Tris 50 mM; NaCl 150 mM; SDS
0.1%; Na.Deoxycholate 0.5%; Triton X 100). For detection of Nrf2 expression, DC were
cultured in the presence of HPP (1000 µM) or IP (1000 µM) for 6 or 24 h, then washed in
PBS and lysed in Laemmli loading buffer. For detection of hexokinase 2 (HK2) expression,
DC were cultured in the presence of HPP or IP at 1000 µM for 6 h prior to stimulation
with LPS (100 ng/mL) for 12 h, then washed in PBS and lysed in Laemmli loading buffer.
For detection of p-AMPK and t-AMPK expression, DC were cultured in the presence of
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HPP or IP (both 1000 µM) for 15 min, then washed in PBS and lysed in Laemmli loading
buffer. For the detection of p62 and LC3, DC were cultured in the presence of HPP or IP
(both 1000 µM) for 6, 12, or 24 h, then washed in PBS, lysed in Laemmli loading buffer,
and sonicated. All samples were lysed in the presence of a protease inhibitor cocktail
and phosphatase inhibitor cocktail set. Samples were electrophoresed and transferred
to PVDF. The membranes were incubated overnight at 4 ◦C with monoclonal antibodies
specific for HO-1, Nrf2, HK2, p-AMPK, t-AMPK, p62, and LC3. The membranes were
washed in TBS–Tween prior to incubation with an anti-rabbit streptavidin-conjugated
secondary antibody for 2 h at room temperature. A Bio-Rad ChemiDoc MP system was
used for developing the blots. The membranes were subsequently re-probed with a loading
control, β-actin, in order to normalise the protein of interest to the loading control for
densitometric analysis.

2.5. Antioxidant Assay

DC were cultured in the presence of IP or HPP (both 1000 µM) for 1 h. The cells were
lysed by sonication in ice-cold PBS and centrifuged at 14,000 rpm for 10 min to pellet any
debris. The total antioxidant capacity of the cells was analysed using an Antioxidant assay
kit according to the manufacturer’s protocol. The assay measures the reduction of Cu2+

by an antioxidant to Cu+, which can subsequently form a coloured complex with a dye
reagent in the kit. The absorbances of the samples were read at 570 nm and compared to the
absorbances of a range of known concentrations of Trolox standards. The data is displayed
as the total antioxidant capacity of the cells expressed as an equivalent concentration of
Trolox (µM).

2.6. DC Flow Cytometry Experiments

DC were collected upon completion of the experiment, washed in PBS, and stained
accordingly. DC were stained using an Annexin V & PI staining kit according to the manu-
facturer’s protocol for viability assays. For the maturation marker assay, DC were initially
stained with Fixable Viability Dye, for dead cells, and subsequently with fluorochrome-
conjugated antibodies for CD40, CD80, CD83, and CD86. In order to measure the phago-
cytic capacity, DC were incubated with RPMI-containing DQ-Ovalbumin (500 ng/mL) for
20 min at 37 ◦C, before transferring to 4 ◦C for a further 10 min incubation to stop the
uptake of the model antigen. DC were then washed in PBS and immediately acquired.
All of the above experiments were acquired on a BD FACS Canto II, and the analysis was
performed using FlowJo v.10 software (Tree Star Inc., Ashland, OR, USA).

2.7. Quantitative Real-Time PCR

DC were cultured in the presence of HPP or IP (both 1000 µM) for 6 or 24 h. Detection
of NAD(P)H dehydrogenase (quinone 1) (NQO1, accession number P15559) expression and
glutathione reductase (GSR, accession number P00390) expression were measured using
quantitative real-time PCR. RNA was first extracted using the High-Pure RNA Isolation
Kit, followed by cDNA synthesis using the High-Capacity cDNA reverse transcription
kit. iTaq Universal SYBR Green mastermix was used in the reaction along with relevant
primers—the sequences are listed in Table 1. A Bio-Rad CFX96 Real-Time System was used
to carry out the reaction. mRNA expression levels for genes of interest were quantified and
normalized to the housekeeping (β-actin) mRNA levels.

Table 1. Primer sequences. Table containing the forward and reverse primer sequences for NQO1,
GSR, and β-actin.

Gene Forward Primer Reverse Primer

NQO1 5′ TGAAGAAGAAAGGATGGGAG 3′ 5′ TTTACCTGTGATGTCCTTTC 3′

GSR 5′ GACCTATTCAACGAGCTTTAC 3′ 5′ CAACCACCTTTTCTTCCTTG 3′

β-actin 5′ GGACTTCGAGCAAGAGATGG 3′ 5′ AGCACTGTGTTGGCGTACAG 3′
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2.8. DC ELISA Experiments

For detection of cytokines, DC were cultured in the presence of HPP or IP
(500–1000 µM) for 6 h prior to stimulation with LPS (100 ng/mL) for 24 h. Concentrations
of IL-12p70, IL-23, TNF, IL-6, and IL-10 were quantified from supernatants by ELISA as per
the manufacturers’ protocols.

2.9. DC-CD4+ T Cell Co-Cultures

The MagniSort Human CD4 T cell Positive Selection kit was used according to the
manufacturer’s protocol to isolate CD4+ T cells from PBMC. CD4+ T cells were co-cultured
with allogeneic DC that had been pre-treated with IP or HPP and stimulated with LPS
as before. The cells were co-cultured at a ratio of 10:1 T cells to DC for five days with no
ketoacid present. The supernatants were removed for analysis of IL-10 by ELISA prior to
restimulation of the cells in complete RPMI in the presence of 50 ng/mL PMA, 500 ng/mL
ionomycin, and 5 µg/mL brefeldin A for 4 h. The cells were washed in PBS and stained for
viability (Zombie NIRTM Fixable Viability kit) for 15 min at room temperature. The cells
were then washed again in PBS and stained with fluorochrome-conjugated antibodies for
surface markers CD3 and CD8 for 15 min at room temperature. The cells were then washed
and fixed (FIX & PERM™ Cell Permeabilization Kit) for 15 min at room temperature.
Finally, the cells were washed and stained for intracellular markers Ki67 and IFNγ in
permeabilization buffer for 15 min at room temperature. A BD LSRFortessa flow cytometer
was used to acquire samples, and analysis was performed using FlowJo v.10 software.

2.10. Two-Photon Fluorescence Lifetime Imaging Microscopy (FLIM)

DC were cultured in the presence of HPP (1000 µM) for 6 h prior to stimulation with
LPS (100 ng/mL) for 12 h. Two-photon excited NAD(P)H- Fluorescence Lifetime Imaging
Microscopy (FLIM) was used to measure the levels of free and protein-bound NADH
within these cells, and was performed on a custom multiphoton system (further details
regarding experimental setup can be found at the following [15,16]). At least three images
for each model were acquired. Afterwards, regions of interest (ROI) were selected, and the
NAD(P)H fluorescence decay was analysed.

For the NAD(P)H fluorescence decay analysis, an overall decay curve was generated
by the contribution of all pixels in the ROI area. Afterwards, it was fitted with a double
exponential decay curve (Equation (1)):

I(t) = α1e−
t

τ1 + α2e−
t

τ2 + c (1)

I(t) represents the fluorescence intensity at time (t) after laser excitation. α1 and
α2 represent the fraction of the overall signal comprised of a short and long lifetime
component, respectively. τ1 and τ2 are the long and short lifetime components, respectively.
C corresponds to background light. X2 is calculated to evaluate the goodness of multi-
exponential fit to the raw fluorescence decay data—the lowest χ2 values were considered
in this study.

For NAD(P)H, a two-component fit was used to differentiate between the free (τ1)
and protein-bound (τ2) NAD(P)H. The average lifetime (τavg) of NAD(P)H for each pixel
is calculated by a weighted average of both the free and bound lifetime contributions
(Equation (2)):

τavg =
(α1 × τ1) + (α2 × τ2)

(α1 + α2)
(2)

2.11. Metabolic Profiling Using Seahorse Analysis

DC were cultured in the presence of IP or HPP (both 1000 µM) for 6 h prior to
stimulation with LPS (100 ng/mL) for 12 h. The cell culture medium was replaced with
complete XF assay medium (pH of 7.4, supplemented with 10 mM glucose, 1 mM sodium
pyruvate, 2 mM L-glutamine) and DC were then transferred at a density of 2 × 105
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cells/well to a Seahorse 96-well microplate, which was coated with Corning™ Cell-Tak Cell
and Tissue Adhesive and incubated in a non-CO2 incubator. Blank wells were prepared
containing XF assay medium only to subtract the background oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) during analysis. Oligomycin (1 mM),
FCCP (1 mM), rotenone (500 nM), antimycin A (500 nM), and 2-DG (25 mM) were prepared
in XF assay medium. Inhibitors were loaded into the appropriate injection ports on the
cartridge plate and incubated for 10 min in a non-CO2 incubator at 37 ◦C. Oligomycin,
FCCP, rotenone and antimycin A, and 2-DG were sequentially injected while the OCR and
ECAR readings were simultaneously measured. Wave software (Agilent Technologies,
Santa Clara, CA, USA) was used to analyse the results. The rates of basal glycolysis,
max glycolysis, glycolytic reserve, basal respiration, max respiration, and respiratory
reserve were calculated as detailed in the manufacturer’s protocol and as supplied in
Supplementary Table S1.

2.12. IBD Patient PBMC Experiments

This study received ethical approval from St Vincent’s University Hospital Ethics and
Medical Research Committee to take blood samples from consenting patients (N = 14)
attending a specialist outpatient clinic for inflammatory bowel disease (IBD). PBMC were
isolated as above and frozen at −80 ◦C. PBMC were thawed and treated with either IP or
HPP (250–1000 µM) for 6 h prior to stimulation with anti-CD3 (1 µg/mL) for 12 h. The
media was then removed and replaced with fresh media to circumvent issues that occur as
the compounds become fluorescent after incubations over long periods of time, and cells
were maintained in the presence of anti-CD3 for a further four days. The supernatants were
then removed for analysis of IL-10, IFNγ, and IL-17A by ELISA. PBMC were restimulated
in complete IMDM medium in the presence of 50 ng/mL PMA, 500 ng/mL ionomycin,
and 5 µg/mL brefeldin A for 4 h. The cells were washed in PBS and stained for viability
(Zombie NIRTM Fixable Viability kit) for 15 min at room temperature. The cells were then
washed in PBS and stained with fluorochrome-conjugated antibodies for surface markers
CD3 and CD8 for 15 min at room temperature. After this, the cells were then washed
and fixed (FIX & PERM™ Cell Permeabilization Kit) for 15 min at room temperature.
Finally, the cells were washed and stained for intracellular markers Ki67, IFNγ and IL-17 in
permeabilization buffer for 15 min at room temperature. The cells were then washed and
acquired on a BD LSRFortessa flow cytometer. The analysis was performed with FlowJo
v.10. All antibodies used in this experiment were chosen carefully to avoid channels which
still had some fluorescence issues, despite the steps taken to overcome this.

2.13. Assessment of Endotoxin Contamination

The HEK-BlueTM hTLR4 assay system was used to test IP and HPP for LPS contam-
ination. HEK-blue cells (5 × 105 cells/mL) expressing TLR4 were stimulated with LPS
(0.1–100 ng/mL; positive control), or HPP or IP (both 1000 µM) for 24 h. Supernatants from
the HEK-blue cells were incubated with HEK-blue detection medium, to measure SEAP
expression, for 30 min at 37 ◦C and absorbance was read at 650 nm.

2.14. Statistical Analysis

Prism 9 software (GraphPad Software Inc., San Diego, CA, USA) was used to perform
the statistical analysis on all datasets. A repeated measures one-way ANOVA, with either
Dunnett’s or Šídák’s post hoc test, as appropriate, was used for analysis of three or more
datasets. A Paired Student’s t-test was used for the analysis of only two datasets. The
analysis of datasets with more than one variable were performed using a two-way ANOVA
with Šídák’s multiple comparisons post hoc test. Asterisks are used in the figures to denote
p values < 0.05, which were considered significant.
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3. Results
3.1. HPP and IP Upregulate HO-1 in Primary Human DC

We have previously shown that HPP and IP are capable of inducing HO-1, as well as
having immunomodulatory effects, in murine macrophages and glia [5]. Therefore, we
sought to investigate if T. brucei-derived ketoacids have similar effects in primary human
DC, as these are crucial immune cells linking the innate and adaptive immune system.
DC were treated with HPP or IP (500–1000 µM) for 24 h (these concentrations are similar
to the levels of aromatic ketoacids in circulation close to the peak of parasitaemia during
trypanosomiasis and have been used in previously published studies [4,5,8,17]). Both HPP
and IP were found to be non-toxic to human DC, having no effect on cell viability at these
concentrations, and were confirmed to be endotoxin free (Supplementary Figures S1 and
S2). HO-1 expression in HPP- and IP-treated DC was next examined by western blot at
a range of timepoints (3, 6, and 24 h) and concentrations (250–1000 µM). Immature DC
constitutively expressed HO-1 in line with previous reports [18–20], however, treatment
with either HPP or IP resulted in a trend towards increased expression of HO-1 at all
concentrations tested with a significance observed at 1000 µM in each case (Figure 1A). At
this concentration, significant upregulation of HO-1 occurred within 3 h of HPP treatment,
while significant induction of HO-1 occurred following 24 h treatment with IP (Figure 1B).
Both IP and HPP also increased the total antioxidant capacity of DC and this was observed
within 1 h of incubation with either compound (Figure 1C). The ketoacids also appear to
be more potent antioxidants than the established HO-1 inducers, carnosol and curcumin
(Figure 1C). These results indicate that IP and HPP rapidly enhance the total antioxidant
capacity of human DC, while also upregulating the stress-response protein, HO-1.

3.2. HPP and IP Induce HO-1 through Nrf2 Activation

We have previously reported that HPP and IP activate Nrf2 in murine immune cells,
and this is likely the mechanism through which they upregulate HO-1 [5]. We therefore
sought to investigate if they have a similar mechanism of action in human DC. To test this,
DC were treated with HPP or IP (1000 µM) for 6 and 24 h, and Nrf2 protein expression
was measured by western blot. An increase in Nrf2 protein was observed in HPP-treated
DC at 6 h (Figure 2A), while IP-treated DC showed increased Nrf2 protein expression
(and therefore accumulation) at 24 h (Figure 2A). Both HPP and IP were also found to
drive mRNA expression of the additional Nrf2-regulated genes, NQO1 and GSR, further
confirming their ability to activate this transcription factor (Figure 2B). Finally, treatment of
DC with the Nrf2 inhibitor ML385 (10 µM, a non-toxic dose, Supplementary Figure S3) for
1 h, prior to treatment with either HPP or IP (1000 µM) for 24 h, resulted in a significant
decrease in the expression of HO-1 (Figure 2C), further confirming that ketoacid driven
HO-1 expression is regulated by Nrf2.
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Figure 1. Hydroxyphenylpyruvate (HPP) and indole pyruvate (IP) upregulate HO-1 in primary
human dendritic cells (DC). (A) Primary human DC were left untreated (UT) or incubated with HPP
or IP (250–1000 µM) for 24 h. HO-1 expression was detected by western blot. Densitometry results
shown are mean ± SEM of the relative expression of HO-1: β-actin from five healthy donors. (B) DC
were left UT or incubated with HPP or IP at 1000 µM for 3, 6, or 24 h. HO-1 expression was detected
by western blot. Densitometry results shown are mean ± SEM of the relative expression of HO-1:
β-actin from seven healthy donors. (C) Primary human DC were left UT or incubated with HPP or
IP at 1000 µM, or carnosol or curcumin (both 10 µM), for 1 h. Total antioxidant capacity of the cells
was determined and expressed as an equivalent concentration of Trolox (µM). Pooled data showing
the mean (±SEM) from five healthy donors. Repeated measures one-way ANOVA, with Dunnett’s
multiple comparisons post hoc test, was used to determine statistical significance by comparing
means of treatment groups against the mean of the control group (** p < 0.01, * p < 0.05). ImageLab
(Bio-Rad) software was used to perform densitometric analysis.
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Figure 2. HPP and IP induce HO-1 through Nrf2 activation. (A) Primary human DC were left
untreated (UT) or incubated with HPP or IP at 1000 µM for 6 or 24 h. Nrf2 expression was measured
by western blot. Densitometry results shown are mean ± SEM of the relative expression of Nrf2:
β-actin from five healthy donors. (B) Primary human DC were left UT or incubated with HPP or
IP at 1000 µM for 24 h. mRNA expression of the Nrf2-dependent genes, NQO-1 and GSR, were
measured by RT-PCR. Results show mean (±SEM) for six healthy donors. (C) Primary human DC
were pre-treated either with or without the Nrf2 inhibitor ML385 (10 µM) for 1 h, prior to incubation
with HPP or IP at 1000 µM for 24 h. HO-1 expression was measured by western blot. Densitometry
results shown are mean ± SEM of the relative expression of HO-1: β-actin from five healthy donors.
(A) One-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine
statistical significance. (B) Two-way ANOVA, with Šídák’s multiple comparisons post hoc test, was
used to determine statistical significance. (C) One-way ANOVA, with Šídák’s multiple comparisons
post hoc test, was used to determine statistical significance (**** p < 0.0001, *** p < 0.001, ** p < 0.01,
* p < 0.05). ImageLab (Bio-Rad) software was used to perform densitometric analysis.
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3.3. HPP and IP Reduce the Production of Pro-Inflammatory Cytokines in LPS-Stimulated
Human DC

We recently demonstrated that HPP and IP are capable of reducing the production
of pro-inflammatory cytokines in murine glia and macrophages [5]. We next sought to
determine if they have similar immune modulating activity in human DC. To test this,
DC were treated with either HPP or IP (500–1000 µM) for 6 h prior to stimulation with
LPS (100 ng/mL) for 24 h. Cytokine concentrations were measured in cell supernatants
by ELISA. Both HPP and IP treatment dose-dependently reduced production of the pro-
inflammatory cytokines TNF, IL-6, IL-12p70, and IL-23, and this effect was most potent
at the 1000 µM concentration (Figure 3A–H). As well as driving the production of pro-
inflammatory cytokines, LPS treatment over time is usually accompanied by production
of the anti-inflammatory cytokine IL-10 as a means of regulating inflammatory responses.
Interestingly, IP treatment resulted in a significant enhancement of IL-10, while HPP
treatment showed a similar, albeit non-significant, trend (Figure 3I,J). These results suggest
that both IP and HPP are capable of reducing the production of pro-inflammatory cytokines
in LPS-stimulated DC, whilst also promoting a more anti-inflammatory phenotype.

3.4. HPP Treatment Inhibits the Maturation of LPS-Stimulated Human DC, Resulting in Reduced
Activation of CD4+ T Cells

In order to determine if the ketoacids impact DC maturation (and in turn T cell
activation), human DC were treated with HPP (500–1000 µM) for 6 h prior to stimulation
with LPS (100 ng/mL) for 24 h. Surface expression of maturation and co-stimulatory
markers (CD40, CD80, CD83 and CD86) were measured by flow cytometry (due to the
fluorescent nature of IP it is unsuitable for this flow cytometric analysis and hence was
not included in these experiments). As expected, the expression of co-stimulatory markers
was increased in LPS-stimulated DC. The average Median Fluorescent Intensity (MFI) of
these cells was set to 100% and used as a control for comparison to the HPP-treated cells.
There was a significant decrease in MFI at both HPP concentrations when compared to the
LPS-stimulated control (Figure 4A). The phagocytic capacity of DC was next measured
upon incubation of DC with FITC-conjugated DQ-Ovalbumin (DQ-Ova; 500 ng/mL) and
uptake of the model antigen was assessed by flow cytometry. Compared to untreated
cells, the ability of LPS-treated DC to phagocytose DQ-OVA was significantly impaired,
signifying a heightened maturation status, however, pre-incubation with HPP prior to LPS
treatment attenuated this effect and maintained the DC in an immature state (Figure 4B).
Finally, and in order to determine if the reduced DC activation status that occurs in the
presence of HPP has an impact on T cell activation, DC were treated with HPP (1000 µM)
for 6 h prior to stimulation with LPS (100 ng/mL) for 24 h. The cells were then incubated
with CD4+ T cells at a ratio of 10:1 (CD4+ T cells:DC) for five days. The supernatants were
removed for cytokine analysis by ELISA and cells were stimulated with PMA (50 ng/mL),
ionomycin (500 ng/mL) and brefeldin A (5 µg/mL) for 4 h. Expression of ki67, which is a
measure of cell proliferation, was assessed by flow cytometry in CD3+CD8− cells (gating
strategy shown in Supplementary Figure S4), as was production of the pathogenic Th1
cytokine, IFNγ. T cells co-cultured with HPP-treated, LPS-stimulated DC showed a trend
towards reduced ki67 and IFNγ expression when compared to T cells co-cultured with
LPS-stimulated DC alone (Figure 4C). Interestingly, the T cells exhibited a trend towards
enhanced production of the anti-inflammatory cytokine IL-10, when compared to T cells
co-cultured with LPS-stimulated DC alone (Figure 4D). Overall, these results indicate that
HPP reduces the maturation of innate DC, which in turn impacts adaptive T cell responses
and may skew them towards a more anti-inflammatory phenotype.
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Figure 3. HPP and IP reduce the production of pro-inflammatory cytokines in LPS-stimulated human
DC. Primary human DC were left untreated (UT) or incubated with IP (A,C,E,G,I) or HPP (B,D,F,H,J)
(500–1000 µM) for 6 h prior to stimulation with LPS (100 ng/mL) for 24 h. Cell supernatants were
assessed for TNF, IL-6, IL-23, IL-12p70, and IL-10 secretion by ELISA. Pooled data depict mean
(±SEM) cytokine concentrations for four to seven healthy donors (means of three technical replicates
per donor). Repeated measures one-way ANOVA, with Dunnett’s multiple comparisons post hoc
test, was used to determine statistical significance, by comparing means of treatment groups against
the mean of the control group (** p < 0.01, * p < 0.05).



Antioxidants 2022, 11, 164 12 of 20

Antioxidants 2022, 11, x FOR PEER REVIEW 13 of 22 
 

In order to determine if the ketoacids impact DC maturation (and in turn T cell acti-

vation), human DC were treated with HPP (500–1000 μM) for 6 h prior to stimulation with 

LPS (100 ng/mL) for 24 h. Surface expression of maturation and co-stimulatory markers 

(CD40, CD80, CD83 and CD86) were measured by flow cytometry (due to the fluorescent 

nature of IP it is unsuitable for this flow cytometric analysis and hence was not included 

in these experiments). As expected, the expression of co-stimulatory markers was in-

creased in LPS-stimulated DC. The average Median Fluorescent Intensity (MFI) of these 

cells was set to 100% and used as a control for comparison to the HPP-treated cells. There 

was a significant decrease in MFI at both HPP concentrations when compared to the LPS-

stimulated control (Figure 4A). The phagocytic capacity of DC was next measured upon 

incubation of DC with FITC-conjugated DQ-Ovalbumin (DQ-Ova; 500 ng/mL) and uptake 

of the model antigen was assessed by flow cytometry. Compared to untreated cells, the 

ability of LPS-treated DC to phagocytose DQ-OVA was significantly impaired, signifying 

a heightened maturation status, however, pre-incubation with HPP prior to LPS treatment 

attenuated this effect and maintained the DC in an immature state (Figure 4B). Finally, 

and in order to determine if the reduced DC activation status that occurs in the presence 

of HPP has an impact on T cell activation, DC were treated with HPP (1000 μM) for 6 h 

prior to stimulation with LPS (100 ng/mL) for 24 h. The cells were then incubated with 

CD4+ T cells at a ratio of 10:1 (CD4+ T cells:DC) for five days. The supernatants were re-

moved for cytokine analysis by ELISA and cells were stimulated with PMA (50 ng/mL), 

ionomycin (500 ng/mL) and brefeldin A (5 µg/mL) for 4 h. Expression of ki67, which is a 

measure of cell proliferation, was assessed by flow cytometry in CD3+CD8− cells (gating 

strategy shown in Supplementary Figure S4), as was production of the pathogenic Th1 

cytokine, IFNγ. T cells co-cultured with HPP-treated, LPS-stimulated DC showed a trend 

towards reduced ki67 and IFNγ expression when compared to T cells co-cultured with 

LPS-stimulated DC alone (Figure 4C). Interestingly, the T cells exhibited a trend towards 

enhanced production of the anti-inflammatory cytokine IL-10, when compared to T cells 

co-cultured with LPS-stimulated DC alone (Figure 4D). Overall, these results indicate that 

HPP reduces the maturation of innate DC, which in turn impacts adaptive T cell responses 

and may skew them towards a more anti-inflammatory phenotype. 

 

Figure 4. HPP treatment reduces DC maturation and subsequent CD4+ T cell activation. Primary 

human DC were left untreated (UT) or incubated with HPP (500-1000 μM) for 6 h prior to stimula-

tion with LPS (100 ng/mL) for 24 h. (A) Cells were stained for CD40, CD80, CD86, and CD83 and 

analysed by flow cytometry. Histograms showing the expression of maturation markers for HPP-

Figure 4. HPP treatment reduces DC maturation and subsequent CD4+ T cell activation. Primary
human DC were left untreated (UT) or incubated with HPP (500–1000 µM) for 6 h prior to stimulation
with LPS (100 ng/mL) for 24 h. (A) Cells were stained for CD40, CD80, CD86, and CD83 and analysed
by flow cytometry. Histograms showing the expression of maturation markers for HPP-treated,
LPS-stimulated DC compared to unstimulated cells or LPS stimulation alone from one representative
experiment. Pooled data showing the mean (±SEM) MFI for each marker expressed as a percentage
of control (LPS stimulation alone) from six to seven healthy donors. (B) DC were incubated with
FITC-conjugated DQ-Ovalbumin (DQ-Ova; 500 ng/mL) for 20 min and were immediately acquired
by flow cytometry. Dot plots depicting DQ-Ova uptake from one representative experiment. Pooled
data showing the mean (±SEM) DQ-Ova uptake as a percentage of total cells from nine healthy
donors. (C) DC were pre-treated with HPP prior to stimulation with LPS, and subsequently cultured
with CD4+ T cells for five days. Dot plots depicting ki67 expression (as a measure of proliferation)
and IFNγ expression from one representative experiment. Pooled data showing the mean (±SEM)
of ki67+ and IFNγ+ cells as a percentage of CD3+CD8− cells from four healthy donors. (D) Cell
supernatants were assessed for IL-10 secretion by ELISA. Pooled data depict mean (±SEM) cytokine
concentrations for four healthy donors (means of three technical replicates per donor). Repeated mea-
sures one-way ANOVA, with Dunnett’s multiple comparisons post hoc test, was used to determine
statistical significance by comparing means of treatment groups against the mean of the control group
(*** p < 0.001, ** p < 0.01, * p < 0.05).

3.5. HPP and IP Modulate Metabolic Reprogramming in LPS-Stimulated Human DC

Metabolic reprogramming has been observed in immune cells and numerous recent
studies have demonstrated that their activation/maturation is accompanied by a metabolic
switch favouring glycolysis over oxidative phosphorylation [21]. In order to determine if T.
brucei–derived ketoacids have an effect on immune cell metabolism, DC were pre-treated
with IP or HPP (1000 µM) for 6 h prior to stimulation with LPS (100 ng/mL) for 12 h. These
cells were then analysed in a Seahorse XFe96 analyser following the addition of oligomycin
(1 mM), an inhibitor of mitochondrial complex V, FCCP (1 mM), a mitochondrial uncoupler,
rotenone (500 nM) and antimycin A (500 nM), which are inhibitors of the mitochondrial
complexes I & III, respectively, and 2-DG (25 mM), an inhibitor of glycolysis. The metabolic
activity of the cells was then determined by measuring the ECAR, which is a measure
of glycolysis, and the OCR, which is a measure of oxidative phosphorylation. IP- and
HPP-treated DC showed no change in basal glycolysis when compared to LPS stimulation
alone (Figure 5B). LPS-treated cells showed a trend towards increased max glycolysis, and
this was significantly decreased in the presence of either HPP or IP (Figure 5C). Both IP and
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HPP were also capable of significantly decreasing the glycolytic reserve in LPS-stimulated
cells (Figure 5C). There were no significant changes in the basal respiration (Figure 5F),
max respiration (Figure 5G), and respiratory reserve (Figure 5H) in IP- or HPP-treated
DC when compared to LPS stimulation alone, suggesting that they have no impact on
oxidative phosphorylation.
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Figure 5. HPP and IP modulate metabolic reprogramming in LPS-stimulated DC. Primary human DC
were pre-treated with either HPP or IP at 1000 µM for 6 h before stimulation with LPS (100 ng/mL)
for 12 h. The extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) were
measured using a Seahorse XFe96 analyser before and after the injections of oligomycin (1 mM), FCCP
(1 mM), antimycin A (500 nM) and rotenone (500 nM), and 2-DG (25 mM). Bioenergetic profiles from
one representative experiment depicting (A) ECAR and (E) OCR measurements over time. Pooled
data (N = 6) depicts the calculated mean (±SEM) of (B) basal glycolytic rate, (C) max glycolytic rate,
(D) glycolytic reserve, (F) basal respiratory rate, (G) max respiratory rate, and (H) respiratory reserve
for each treatment group. (I) HK2 expression was measured by western blot. Densitometry results
shown are mean ± SEM of the relative expression of HK2: β-actin from five to seven healthy donors.
(J) FLIM images of DC measuring intracellular NADH. Pooled data (N = 4) depicts the mean (±SEM)
of the ratio of bound:free NADH, represented by the τ average. Repeated measures one-way ANOVA,
with Dunnett’s multiple comparisons post hoc test, was used to determine statistical significance by
comparing means of treatment groups against the mean of the control group (** p < 0.01, * p < 0.05).
ImageLab (Bio-Rad) software was used to perform densitometric analysis.

Expression of HK2, the rate limiting enzyme in the glycolytic pathway, was next
assessed by western blotting. HK2 is known to be induced by inflammatory stimuli and, as
expected, LPS stimulation induced the upregulation of HK2 in DC. However, there was re-
duced expression of the enzyme in IP-treated DC, and a trend towards reduced expression
(albeit not significant) in HPP-treated DC when compared to LPS-stimulated DC (Figure 5I).
The effects of HPP treatment on the metabolism of DC was further investigated using FLIM,
which measures the intracellular levels of NADH. Bound NADH, which is associated with
oxidative phosphorylation, or free NADH, which is associated with glycolysis, can be
distinguished based on their distinct lifetimes upon fluorescence excitation. The ratio of
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bound to free NADH can be used to measure whether a cell is favouring the engagement of
glycolysis (a decrease in the ratio due to increased free NADH) or oxidative phosphoryla-
tion (an increase in the ratio due to increased bound NADH). Similar to the Seahorse results
reported above, LPS-stimulated DC ramped up glycolysis, as represented by a decrease in
the τ average compared to untreated DC (Figure 5J). Cells pre-treated with HPP exhibited
a significant increase in the τ average compared to the LPS-stimulated controls, indicating
they are favouring oxidative phosphorylation to generate their energy (Figure 5J). Overall,
these results indicate that T. brucei-derived ketoacids modulate DC metabolism, reducing
engagement of glycolysis, which is associated with rapid inflammatory responses.

3.6. HPP and IP Activate Autophagy-Related Proteins

We have previously demonstrated that the HO-1 inducers carnosol and curcumin acti-
vate the autophagy regulator AMPK, which incidentally is also known to downmodulate
glycolysis in immune activated cells [22]. Furthermore, the key autophagy-related protein,
p62, is linked to Nrf2 activation [23–25]. In order to determine if T. brucei-derived ketoacids
have any impact on autophagy-related proteins, DC were treated with IP or HPP (both
1000 µM) for 15 min and phosphorylation (and therefore activation) of AMPK was assessed
by western blotting. IP treatment resulted in a significant increase in AMPK phosphory-
lation while there was a trend towards increased activation with HPP (Figure 6A). DC
treated with IP also showed an increase in both p62 and LC3-II (which is converted from
LC3-I during autophagy) over time, and this was most potent after 24 h (Figure 6B,C). HPP
treatment significantly increased p62 expression after 6 h and significantly increased LC3-II
expression after 24 h (Figure 6B,C). These results indicate both ketoacids are activating
autophagy-related proteins in human DC.

3.7. HPP and IP Reduce Proliferation and Cytokine Expression in PBMC Isolated from
IBD Patients

It has previously been reported that IP has powerful immune suppressive effects in
a murine experimental colitis model [7]. In order to determine if these results translate
to a more clinical setting, PBMC were isolated from IBD patients and treated with IP or
HPP (250–1000 µM) for 6 h prior to stimulation with anti-CD3 (1 µg/mL) for a further
four days. Furthermore, the culture media was replaced with fresh media after 18 h of
incubation with the compounds to circumvent issues surrounding the fluorescence of IP
over long periods of time. The supernatants were removed for cytokine analysis by ELISA
and cells were stimulated with PMA (50 ng/mL), ionomycin (500 ng/mL), and brefeldin A
(5 µg/mL) for 4 h. Expression of ki67, and the cytokines IFNγ and IL-17 (both of which are
known to play a pathogenic role in IBD), were measured by flow cytometry in CD3+CD8−

cells (gating strategy shown in Supplementary Figure S5). IP was non-toxic to PBMC at
all concentrations tested, however there was some toxicity seen when using the higher
concentrations of HPP (Supplementary Figure S6). Despite this being significant, it is
unlikely to account for the effects seen, as flow markers were examined in live cells only.
Both IP- and HPP-treated cells were capable of dose-dependently reducing the proliferation
and expression of IFNγ when compared to anti-CD3 stimulation alone (Figure 7A,B), while
having no effect on the intracellular levels of IL-17. However, when cell supernatants were
assessed by ELISA, there was a significant reduction in both IFNγ and IL-17 production in
IP- and HPP-treated cells (Figure 7C,D). Unlike purified DC, the ketoacids did not enhance
the production of IL-10 from PBMC, suggesting a cell-type specific effect (Figure 7C,D).
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Figure 6. HPP and IP modulate autophagy-related proteins. (A) Primary human DC were left
untreated (UT) or incubated with IP or HPP at 1000 µM for 15 min. Phosphorylation of AMPK was
measured by western blot. Densitometry results shown are mean ± SEM of the relative expression of
p-AMPK: β-actin from four healthy donors. (B,C) Primary human DC were left UT or incubated with
IP or HPP at 1000 µM for 6, 12, or 24 h. Expression of (B) p62 and (C) LC3 were measured by western
blot. Densitometry results shown are mean ± SEM of the relative expression of (B) p62: β-actin from
five healthy donors and (C) LC3 II: β-actin from six healthy donors. (A) Statistical significance was
determined using a Paired t-test. (B,C) Statistical significance was determined by repeated measures
one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare means of treatment
groups to the control group (*** p < 0.001, ** p < 0.01, * p < 0.05). ImageLab (Bio-Rad) software was
used to perform densitometric analysis.



Antioxidants 2022, 11, 164 16 of 20

Antioxidants 2022, 11, x FOR PEER REVIEW 17 of 22 
 

3.7. HPP and IP Reduce Proliferation and Cytokine Expression in PBMC Isolated from IBD 

Patients 

It has previously been reported that IP has powerful immune suppressive effects in 

a murine experimental colitis model [7]. In order to determine if these results translate to 

a more clinical setting, PBMC were isolated from IBD patients and treated with IP or HPP 

(250–1000 μM) for 6 h prior to stimulation with anti-CD3 (1 μg/mL) for a further four days. 

Furthermore, the culture media was replaced with fresh media after 18 h of incubation 

with the compounds to circumvent issues surrounding the fluorescence of IP over long 

periods of time. The supernatants were removed for cytokine analysis by ELISA and cells 

were stimulated with PMA (50 ng/mL), ionomycin (500 ng/mL), and brefeldin A (5 

μg/mL) for 4 h. Expression of ki67, and the cytokines IFNγ and IL-17 (both of which are 

known to play a pathogenic role in IBD), were measured by flow cytometry in CD3+CD8− 

cells (gating strategy shown in Supplementary Figure S5). IP was non-toxic to PBMC at 

all concentrations tested, however there was some toxicity seen when using the higher 

concentrations of HPP (Supplementary Figure S6). Despite this being significant, it is un-

likely to account for the effects seen, as flow markers were examined in live cells only. 

Both IP- and HPP-treated cells were capable of dose-dependently reducing the prolifera-

tion and expression of IFNγ when compared to anti-CD3 stimulation alone (Figure 7A,B), 

while having no effect on the intracellular levels of IL-17. However, when cell superna-

tants were assessed by ELISA, there was a significant reduction in both IFNγ and IL-17 

production in IP- and HPP-treated cells (Figure 7C,D). Unlike purified DC, the ketoacids 

did not enhance the production of IL-10 from PBMC, suggesting a cell-type specific effect 

(Figure 7C,D).  

 

Figure 7. HPP and IP reduce proliferation and cytokine expression in ex vivo stimulated PBMC 

from patients with Inflammatory Bowel Disease. PBMC isolated from IBD patients were treated 

with (A,C) HPP or (B,D) IP (250 µM–1000 µM) for 6 h prior to stimulation with anti-CD3 for 12 h. 

After 18 h, culture media was replaced with fresh media and cells were incubated for a further 4 

days with anti-CD3 stimulation. Supernatants were removed for analysis of cytokine concentration 

by ELISA. (A,B) Proliferation and cytokine production by CD3+CD8− cells was analysed by flow 

cytometry. Pooled data (N = 14) depicting the mean ± SEM of ki67 (as a measure of proliferation), 

IFNγ, and IL-17 in CD3+CD8− T cells. (C,D) Cell supernatants were assessed for concentrations of 

IL-10, IFNγ, and IL-17 by ELISA. Pooled data depicts mean (±SEM) cytokine concentrations for six 

IBD patients (means of three technical replicates per donor). Statistical significance was determined 

by repeated measures one-way ANOVA with Dunnett’s multiple comparisons post hoc test to com-

pare means of treatment groups to the control group (*** p < 0.001, ** p < 0.01, * p < 0.05). 

Figure 7. HPP and IP reduce proliferation and cytokine expression in ex vivo stimulated PBMC from
patients with Inflammatory Bowel Disease. PBMC isolated from IBD patients were treated with (A,C)
HPP or (B,D) IP (250 µM–1000 µM) for 6 h prior to stimulation with anti-CD3 for 12 h. After 18 h,
culture media was replaced with fresh media and cells were incubated for a further 4 days with
anti-CD3 stimulation. Supernatants were removed for analysis of cytokine concentration by ELISA.
(A,B) Proliferation and cytokine production by CD3+CD8− cells was analysed by flow cytometry.
Pooled data (N = 14) depicting the mean ± SEM of ki67 (as a measure of proliferation), IFNγ, and
IL-17 in CD3+CD8− T cells. (C,D) Cell supernatants were assessed for concentrations of IL-10, IFNγ,
and IL-17 by ELISA. Pooled data depicts mean (±SEM) cytokine concentrations for six IBD patients
(means of three technical replicates per donor). Statistical significance was determined by repeated
measures one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare means of
treatment groups to the control group (*** p < 0.001, ** p < 0.01, * p < 0.05).

4. Discussion

The production of large amounts of immunomodulatory aromatic ketoacids during T.
brucei infection likely serves to benefit the parasite by prolonging infection, proliferation,
and, ultimately, survival in the host. While the secretome of T. brucei has been shown to
reduce the secretion of IL-12, IL-10, IL-6, and TNF in both murine and human DC [26,27],
the ketoacids, IP and HPP, have been shown to directly ameliorate inflammatory cytokine
production in murine macrophages and glia [4,5]. This is further supported by studies
demonstrating their therapeutic efficacy in murine models of disease [4,6,7]. Given the key
role played by DC in shaping both innate and adaptive immune cell responses, we sought
to determine if these effects translate to this vital human immune cell population, which not
only serves to present antigens during infection, but also plays a key role in determining
pathogenic T cell responses during disease. We demonstrate that both IP and HPP are
capable of significantly reducing the secretion of a number of pro-inflammatory cytokines,
including TNF, IL-6, IL-12, and IL-23 in LPS-stimulated DC. Furthermore, the ketoacids
upregulate HO-1 in an Nrf2 dependant manner, which is in line with studies demonstrating
that HO-1 induction can promote a more tolerogenic DC phenotype [18,19,28]. In support
of this, we also demonstrate that ketoacid-treated DC have a reduced capacity to activate T
cells, which in turn limits the production of the pathogenic T cell cytokine IFNγ, which is
known to play a deleterious role in a number of inflammatory/autoimmune conditions
including IBD [29].

In comparison to the previous data from murine macrophages and glia, a larger
repertoire of cytokines is inhibited by the ketoacids in human DC. For example, IP and HPP
had no effect on TNF secretion in murine glia and no effect on either TNF or IL-6 secretion
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in bone marrow derived macrophages [4,5], however, these cytokines were significantly
reduced in LPS-activated human DC. Furthermore, IP directly induced the production of
the anti-inflammatory cytokine IL-10 in DC. The maturation status of DC is also impacted
by ketoacid treatment, with the HPP-treated cells exhibiting a reduction in co-stimulatory
and maturation markers, which, in turn, prevents their ability to participate in T cell
activation. The upregulation of HO-1 was also accompanied by the expression of additional
Nrf2-regulated genes and both IP and HPP appeared to exhibit direct antioxidant activity,
which may explain their ability to activate Nrf2, given its well documented capacity to
rapidly respond to oxidative stress.

Further analysis of these novel HO-1 inducers also revealed that they can modulate im-
mune cell metabolism. Indeed, recent studies have highlighted an important link between
immune cell activation and metabolism. It is now well recognised that, not only do different
immune cells engage different metabolic pathways, but that the activation/maturation state
of the immune cells is accompanied by metabolic switches. For example, innate immune
cells, including macrophages and DC, ramp up glycolysis in order to rapidly generate suffi-
cient energy and the building blocks required to fight infection [21]. This phenomenon is
also a feature of pathogenic immune cells, and a significant effort is underway to determine
if controlling/preventing dysregulated metabolic reprogramming can serve to ameliorate
detrimental immune cell activation during disease. Here we demonstrate that both IP and
HPP can decrease the max glycolysis observed in LPS-treated DC while also downregulat-
ing the expression of hexokinase 2, the rate-limiting enzyme in glycolysis. These results are
similar to our recent observations with the HO-1 inducers, carnosol and curcumin, sug-
gesting that HO-1 may be an important regulator of immune cell metabolism [30]. Further
study is required to determine if additional features of metabolism are affected by ketoacids
and whether metabolic reprogramming occurs during T. brucei infection, but these in vitro
results are in line with the notion that metabolism is intricately linked with immune cell
activation, and that the downmodulation of glycolysis in immune cells promotes a more
tolerogenic phenotype.

From a therapeutic stance, IP in particular has shown potential in a murine model of
colitis where administration of the ketoacid not only improved disease outcome, but also
decreased expression of pro-inflammatory cytokines, including IL-12, IFNγ, and TNF [7].
We observed similar results in PBMC from IBD patients where both HPP and IP reduced the
proliferation of anti-CD3 stimulated T cells, as well as the secretion of both IL-17 and IFNγ.
Indeed, induction of HO-1 is being explored as a therapy for IBD and has shown promise
in a number of murine models of disease [31–35]. Patients are currently treated largely with
anti-inflammatories including 5-aminosalicylic acid (5-ASA), corticosteroids, methotrexate,
and anti-TNF therapies [36]. However, many patients are/become refractory to these
treatments and will require surgery in their lifetime. While further in vivo study is required
to fully elucidate their efficacy and provide further information regarding treatment route,
dosing, and long-term effects, these findings provide further impetus to explore aromatic
ketoacids as a treatment for IBD (and indeed other inflammatory diseases), either alone or
in combination with existing therapies.

Finally, a particularly interesting finding of this study is the observation that IP and
HPP can activate key autophagic proteins. Autophagy itself is carried out by a number
of autophagy-related (Atg) proteins and initiation is under the control of the protein
kinases mTOR and AMPK, which are both intrinsically linked to immune cell metabolism
(AMPK inhibits glycolysis while mTOR activation is linked to induction of glycolysis).
The autophagic process is complicated and involves many different proteins and has
been reviewed in detail elsewhere [37–39]. Briefly, a complex of Atg proteins lipidates
LC3-I converting it to LC3-II [37,38]. LC3-II binds to the autophagosome membrane and
facilitates the docking of cargos and proteins for degradation through their binding to
p62 [40]. Following maturation, the autophagosome fuses with the lysosome to form
the autolysosome, the contents of which are then degraded and recycled. In this study,
we show that IP and HPP activate AMPK and increase expression of p62 and LC3-II.
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Autophagy is of particular importance for DC, as many of their key functions, including
antigen uptake and presentation, are strongly associated with autophagy [41]. Despite some
conflicting reports, generally it appears that activation of autophagy gives rise to a more
tolerogenic DC phenotype, exhibiting reduced antigen presentation and maturation [41],
which is similar to the results seen in this study. Furthermore, AMPK activation has been
shown to attenuate pro-inflammatory cytokine production and DC maturation [22,42].
Therefore, ketoacid-induced AMPK and subsequent autophagy activation may serve to
downmodulate DC maturation, antigen presentation, and glycolysis.

Notably, p62 is not only an important autophagy-related protein, it also plays a crucial
role in the activation of Nrf2 [23–25]. Nrf2 is activated upon release from KEAP1, which
can occur when p62 sequesters KEAP1, targeting it for degradation and allowing Nrf2 to
translocate to the nucleus [23–25]. Therefore, the activation of p62 by both ketoacids, but in
particular IP, may be responsible for the subsequent activation of Nrf2, and therefore HO-1,
by these ketoacids. While HPP induces HO-1 at an earlier time than IP, the latter appears to
have more potent effects overall. In most cases, the in vitro effects of IP are most apparent
at 24 h, and we cannot rule out the possibility that it is converting to another form over time.
Further study is undoubtedly required to delineate the true impact of aromatic ketoacids
(and their potential derivatives) and HO-1 induction on autophagy-related processes, in
addition to the noted effects on DC metabolic reprogramming.

5. Conclusions

In conclusion, the data presented here expands our understanding of the mechanism
of action of T. brucei-derived ketoacids in human immune cells and suggests that HO-1
induction may be useful to regulate the metabolism and, therefore, function of immune
cells in inflammatory disease. We firmly believe that these compounds represent novel and
exciting HO-1 inducers worthy of further exploration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11010164/s1, Figure S1: HPP and IP are non-toxic to
human DC; Figure S2: IP and HPP are not contaminated with endotoxin; Figure S3: ML385 is
non-toxic to human DC; Figure S4: Gating strategy used to generate data shown in Figure 4; Figure
S5: Gating strategy used to generate data shown in Figure 6; Figure S6: IP is non-toxic to PBMC,
while higher concentrations of HPP shows significant, albeit mild, reductions in viability; Table S1:
Seahorse calculations.
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