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Abstract 
 

Amino acid availability plays an important role in modulating the activity of T-cells. One 

of the pathways employed by T-cells to sense nutrient levels is the “mammalian target 

of rapamycin” (mTOR) pathway that is inhibited in response to nutrient depletion. 

Indoleamine 2,3-dioxygenase (IDO) is the first and rate-limiting enzyme along the 

tryptophan catabolising kynurenine pathway. T-cells are very sensitive to lack of this 

essential amino acid in their microenvironment and this confers strong 

immunomodulatory properties to cells expressing active IDO. It therefore has a 

significant physiological role as a homeostatic mechanism used in mammalian 

organisms to dampen excessive activation of the immune system but is also used as an 

immune evasion mechanism by many cancers. 

In this study, we investigated the IDO inhibitory properties and mechanism of action of 

the tryptophan metabolite 3-hydroxyanthranilic acid (3-HAA) that potentially forms a 

negative feedback loop in the kynurenine pathway. We studied the molecule in 

enzymatic assays, in live cells and in vivo and discovered that it inhibits IDO in an 

indirect way via the formation of hydrogen peroxide. Secondly, we looked at the effects 

of tryptophan and its metabolites on T-cell proliferation and mTOR activity, and 

discovered a metabolite that inhibits T-cell proliferation. Lastly we examined 

mechanisms of T-cell suppression employed by myeloid derived suppressor cells 

(MDSCs), focusing on their ability to deplete amino acids from their microenvironment. 

We were able to exclude tryptophan consumption as a suppressive mechanism and 

established that by manipulating extracellular concentrations of several amino acids 

other than arginine and cysteine – that are known to be utilised by MDSCs - we were 

able to reduce their inhibitory properties. 

In summary, we have described in detail how 3-HAA inhibits IDO in in vitro assays, 

outlined how some tryptophan metabolites can inhibit T-cell proliferation, and clarified 

aspects of suppressive mechanism employed by MDSCs.   
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1.1 Main components of the immune system 
 

The human immune system can be broadly thought of as consisting of two divisions, 

innate and adaptive. The innate immune system is the ‘first line of defense’ against 

invading pathogens.1 In addition to mechanical, chemical, and microbiological barriers 

such as tight junctions between epithelial cells, antibacterial peptides and the normal 

microbial flora on the skin and gut, respectively, innate immunity employs the 

complement system, professional phagocytes and natural killer cells that can directly 

destroy pathogens.  

These components are able to distinguish microbial non-self organisms from non-

pathogenic commensal flora and self molecules via the recognition of Pathogen 

Associated Molecular Patterns (PAMPs) such as conserved polysaccharides and 

polynucleotides specific to certain pathogens.2,3,4 The recognition molecules for these 

patterns can be cell-associated or soluble molecules (called Pattern Recognition 

Receptors, PRRs). Soluble molecules include the mannose-binding lectin (MBL) that can 

activate the lectin pathway of the complement system and ficolins that recognise 

patterns of acetyl groups and may be involved in disposal of altered cells and the 

initiation of inflammatory responses.2 Cell-bound receptors include scavenger and Toll-

like receptors (TLR). Scavenger receptors consist of a structurally diverse group of 

PRRs that recognise low density lipoprotein lipopolysaccharide (LPS) and lipotechoic 

acid of Gram-negative and Gram-positive bacteria and one such receptor, the 

macrophage-associated SR-A1 I/II, has been shown to directly bind S. aureus and E. 

coli.5 TLRs were the first PRRs that were identified and they are either membrane 

bound or associated with intracellular vesicles.6 There are ten identified TLR types in 

human each of which detects a distinct PAMP from viruses, bacteria, mycobacteria, 

parasites and fungi. TLR1, TLR2 and TLR6 recognise lipoproteins, TLR3 double-

stranded RNA, TLR4 LPS, TLR5 flagellin, TLR7 and TLR8 single-stranded RNA and TLR9 

DNA.6 TLR11 recognises the Toxoplasma gondii profilin-like molecule. TLRs recruit 

adaptor molecules which results in the initiation of a downstream signalling cascade 

that can lead to activation of macrophages and recruitment of neutrophils and thus to 
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direct killing of pathogens.6 TLRs are also links to the adaptive immune system as their 

stimulation leads to maturation of dendritic cells (DC), which can then induce the 

adaptive system.  

 

1.1.1 Complement 
 

The complement system is a mixture of the two PRR types as it consists of a large 

number of different membrane-bound and soluble plasma proteins that both opsonise 

pathogens leading to their removal by other immune cells, and induce inflammatory 

responses.7 There are three main activation pathways: “classical”, lectin and 

“alternative” (Figure 1). As mentioned earlier the lectin pathway is activated on binding 

of MBL or one of the ficolins to acetylated residues or specific carbohydrate surfaces. 

The classical pathway is activated upon binding of the soluble PRR C1q to either IgG or 

IgM that are bound to antigen. The alternative pathway is induced when C3, a central 

part of the complement is either auto-activated on a microbial surface or by different 

proteases such as thrombin or kallikrein.7,8 Each pathway culminates in the formation 

of convertases that create the opsonin C3b and the anaphylatoxin C3a from C3.7  C3b is 

attached to C4bC2a or C3bBb and can then cleave C5 to create another anaphylatoxin 

C5a and C5b, a keystone molecule that drives the formation of the membrane attack 

complex which when fully formed perforates the cell membrane. C3a and C5a can 

recruit immune cells of both the innate and adaptive systems to the activation site.7 It is 

therefore a vital system that both sides of the immune system utilise to effectively 

monitor and protect the extracellular space. 
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Figure 1. A simplified diagram of the complement system pathways. Adapted from 

Cook, HT and Botto, M. (2006) Nature Clinical Practice Rheumatology, 2, 330-337.  
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1.1.2  Macrophages 
 

Phagocytic macrophages continuously develop from monocytes by leaving the 

circulation and migrating into tissues where they exist mainly in one of three states.1 

When the tissue is not under threat the cells are slowly proliferating and collecting dead 

cell debris. On response to the cytokine IFNγ, they convert into a primed, activated, 

state and become antigen presenting cells by up-regulating MHC class II. When 

macrophages bind to mannose or LPS, both common cell wall components of many 

bacteria, they become hyperactivated and can start directly killing other cells by 

secreting the cytokine tumour necrosis factor (TNF). Macrophages are, however, a 

heterogeneous cell population and their microenvironment and the type of monocyte 

the macrophage was prior to maturation, may affect the specific functional properties of 

the macrophage.9,10,11 Mature macrophages are broadly classified into M1 and M2 

macrophages. M1 macrophages are microbicidal and inflammatory post-infection, and 

are induced by LPS and other microbial products. They express TLR2 and TLR4, which 

recognize bacterial lipoproteins and LPS, respectively.12 They also express the arginine 

depleting enzyme iNOS that produces reactive oxygen and nitrogen species (ROS, RNS), 

thus enabling the macrophage to directly kill pathogens. M2 macrophages are weakly 

microbicidal and more anti-inflammatory due to e.g. their production of the anti-

inflammatory cytokine IL-10 and glucocorticoid hormones.12  They also express 

arginase that produces urea rather than ROS or RNS. This differentiation is not, 

however, terminal, and the macrophages can change ‘type’ according to what is 

required in their local microenvironment. 13 Although macrophages are generally able 

to kill tumour cells when appropriately stimulated, there is a group of tumour-

associated macrophages (TAMs or M2) that have been shown to have no cytotoxic 

activity and, in fact, have actively pro-tumour properties.14,15,16,17 They are therefore an 

important group of cells that can contribute to tumour evasion. 
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1.1.3 Neutrophils 
 

Another type of phagocyte, the neutrophil, expresses a vast array of PRRs, including all 

TLRs except TLR3, FPR1 that recognises formylated proteins found in bacteria and 

mitochondria, C-type lectin, sensors of ribonucleic acid in the cytoplasm (RIG-I and 

MDA5), ficolins, and PTX3 that activates the classical complement pathway.18 Sensing 

via these PRRs together with signals from lymphoid cells activate the neutrophils to 

produce reactive oxygen species, lytic enzymes, antimicrobial peptides and cytokines 

such as IL-6, IFNγ and IL-17A leading to a pro-inflammatory response.18 Neutrophils are 

not only important as reservoirs for PRRs but important in harnessing DCs by inducing 

maturation of monocyte-derived dendritic cells via DC-SIGN in vitro, although the 

neutrophil-DC crosstalk does not always lead to DC activation.18 Via this cross-talk, 

neutrophils can therefore have an effect on the adaptive immune system as mature DCs 

can induce T-cell proliferation and polarisation to the cytotoxic T helper cell type 

(Th1).19 Neutrophils are also important modulators of natural killer -cell (NK) activation 

status as they can enhance the NK-cell IFNγ production, and regulate their proliferation 

and cell survival. In return, NK-cells produce soluble factors such as granulocyte 

macrophage colony-stimulating factor (GM-CSF) and IFNγ that promote neutrophil 

survival.18 Neutrophils can also have, while normally an anti-tumour, a pro-tumour 

phenotype N2 driven by transforming growth factor-β (TGF-β) in the tumour 

microenvironment.20 

 

1.1.4 Natural killer -cells 
 

Natural killer (NK) -cells are bone marrow –derived granular lymphocytes that detect 

infection via a limited number of germline-encoded PRRs, which, when engaged, allow 

NK-cells to directly kill infected cells and produce proinflammatory cytokines and 

mediators.21 NK-cells destroy infected cells by a directed release of lytic granules that 

contain perforin, granzymes and Fas -ligand (which induces apoptosis when bound to 

its receptor).22 The killing ability of NK-cells can be either activated or inhibited 
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depending on which receptors are occupied. Activating receptors include CD16, 2B4, 

NKG2D and LFA-1, and their engagement promotes target cell adhesion. Cell adhesion 

can be abrogated for instance via the co-binding of NKG2A by its ligand HLA-E present 

on the target cell.22  NK-cells can be considered to be at the interface of the innate and 

adaptive immune systems. Although they are traditionally classified as cells of the 

innate system due to their ability for rapid response against infected cells without prior 

sensitisation, new evidence suggests that they share many characteristics with 

lymphocytes of the adaptive immune system such as CD8+ cells, which are considered 

later (reviewed in 23).  

NK-cells are members of the lymphocyte lineage but lack a unique antigen recognition 

receptor and cannot rearrange their receptor genes like B and T- cells.23 Recent 

evidence suggests, however, that NK-cells can be ‘educated’ against self-reactivity by 

contact between the major histocompatibility complex (MHC) class I and its receptor on 

NK-cells.24 NK-cells have also been shown to have memory in hypersensitivity 

experiments where the mice lacked B and T-cells, although the specific receptor that 

recognised the antigen has not been identified.25 Similar memory has been shown with 

response against cytomegalovirus in an adoptive transfer experiment.26 NK-cells are an 

important anti-tumour cell type since they are able to kill cells directly, but they also 

have an indirect tumour-promoting role whereby the IFNγ they secrete drives the 

tumour cells via IL-1β and TNFα to produce CCL22, a chemokine that attracts 

immunosuppressive regulatory T- cells (Tregs).27 

 

1.1.5 T and B-cells 
 

The adaptive immune system is characterised by its ability to recognise and remember 

specific pathogens and to differentiate between self and non-self molecules during 

antigen presentation. Its main components are B and T-lymphocytes. Both are derived 

from multipotent haematopoietic stem cells in the bone marrow and, unless activated, 

look morphologically similar. B-cells are involved in the humoral immune response, i.e. 

they produce antibodies whereas T-cells are involved in cell-mediated immunity and 
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complete their maturation in the thymus. T-cells as a group recognise antigens 

presented to them via the T-cell receptor (TCR). TCRs (and B-cell receptors) have a 

highly diverse pool of configurations allowing them to distinguish and bind a wide 

range of antigens. This is achieved during thymocyte development by the 

rearrangement of the variable, diversity and joining genes of the TCR in a process called 

V(D)J recombination.28 

T-cells are classified broadly as CD8+ (cytotoxic) or CD4+ (helper) T-cells based on 

expression of the respective co-receptor. In recent years there has been a rapid 

expansion in the amount of research describing further functional and phenotypic 

subdivisions, not all of which have gained universal acceptance as there is increasing 

evidence that there is a certain amount of overlap and plasticity. Nevertheless, 

commonly accepted subgroups include naïve, memory, effector and regulatory T-cells 

with numerous more or less well-defined subcategories.  

In addition to these main groups natural killer T-cells (NKT) and γδ T-cells have been 

characterised and found to have specific roles in the immune system. NKTs appear to be 

involved in lipid recognition and γδ T-cells appear to recognise non-protein 

phosphoantigens.29,30 

 
 

1.1.6 Regulatory T-cells 
 

The regulatory T-cell subgroup of T-cells (Tregs) has an essential role in the maintenance 

of self-tolerance and the development of cancer. They are characterised by the 

expression of the transcription factor forkhead box P3 (FOXP3) gene, an indispensable 

marker, which, if mutated, results in fatal autoimmune disease and immunopathology.31 

Most of FOXP3+ Treg cells are also CD4+ and CD25+ and their regular function is to 

suppress the activation, proliferation and effector functions of, among other things, 

CD4+, CD8+ T-cells, and NK and B-cells but due to this function they also inhibit 

antitumour immune responses and therefore favour tumour progression.32 Therefore a 
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decreased ratio of CD8+ T-cells to FOXP3+CD25+CD4+ Tregs can correlate with poor 

prognosis for cancer patients.33 

Tregs can be either natural or induced, the former of which are cells made in the thymus 

and are suppressive when they leave the organ. Induced Tregs are produced from naive 

CD4+ T-cells when the right signals are present. These include TGB-β and retinoic 

acid.34 The role and real in vivo suppressive function of induced Tregs is still under 

investigation as they show little suppressive function in humans after differentiation 

with TGF-β and TCR stimulation, indicating that other stimuli may be needed for 

induction of suppressive function or the cells do not have a significant role in vivo.35,36 

However, a few studies have shown that human Treg need to be activated through their 

TCR to exert functional suppressive activity in vitro.37,38,39,40,41  

Surprisingly human Tregs do not have to be viable to be suppressive as 

paraformaldehyde-fixed cells as well as apoptotic Tregs are still inhibitory.42 What does 

matter to the extent of Treg -mediated suppression is the strength of T-cell stimulation. 

When effector T-cells receive strong co-stimulation, the Tregs lose their efficacy as 

suppressors but in the presence of low stimulation their suppressive activity is 

restored.37,42 Both mouse and human Tregs express FOXP3 (humans express two 

isoforms) and various other markers depending on their differentiation status and 

current function (naive, effector or terminal effector Treg), including CD45RA, CD95, 

CTLA4, CD69, CC-chemokine receptor 4 (CCR4), CCR6, CCR9 and IL-1R.32  

In mice many suppressive mechanisms employed by Tregs have been elucidated. They 

can suppress by both a contact-dependent and a cytokine-mediated mechanism. The 

former includes CTLA4 on Treg downregulating the co-stimulatory function of APCs, 

CD73-CD39 hydrolysing inflammatory extracellular ATP, LAG3 inducing inhibitory 

signalling via MHC class II molecules, granzyme A (human) and B (mouse) lysing 

conventional T-cells, and CD95-CD95 ligand inducing lysis of conventional T-cells.32 The 

cytokine-mediated suppression takes place via secretion of TGF-β and LAP, which 

induce FOXP3 expression in conventional T-cells, IL-10 which attenuates DC function 

and converts conventional T-cells into TR1 cells, galectin 1 that causes cell cycle arrest 
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and apoptosis of conventional T-cells, and CD25 that enhances adsorption of IL-2 by the 

Treg.32 

Research efforts have focused on finding cell surface markers that are specific for Tregs 

and which could be targeted for Treg depletion in the treatment of cancer. So far anti-

CD25 depleting antibodies, anti-CTLA4 blocking antibodies, and agonistic anti-OX40 

and anti-GITR antibodies have enhanced tumour-specific immunity in mice.32 In 

humans a CTLA4-specific monoclonal antibody is in clinical trials to treat advanced 

cancer, however, a combination of these antibodies is more likely to give preferential 

results than a single antibody type since these molecules are also expressed on the cell 

surface of activated T-cells. These combinations can then be modified according to the 

requirements of the illness, i.e. whether more suppression or more enhancement of T-

cell activity is needed. 

 

 

1.1.7 Dendritic cells 
 

Dendritic cells (DCs) are professional antigen-presenting cells (APCs) and are critical in 

the priming phase of the immune response, bridging the innate and adaptive immune 

systems. They are traditionally classified as either conventional DCs (derived from 

common DC progenitors) or non-conventional DCs (plasmacytoid and monocyte-

derived).43 DCs are distributed across various organs and have multiple subtypes.  The 

main types of DC include the Langerhans cells (skin), CD103+ dermal DC, and CD11b+ 

classic dermal DCs which are of the migratory type but can be found in lymph nodes at 

steady state.44 There are also splenic DCs that can also be found in lymph nodes; these 

include CD4- CD8- DCs, CD4+ DCs, CD8+ DCs and plasmacytoid DCs. In addition there 

are DCs that are rapidly generated from monocytes during inflammation.44 There are 

many more markers on different subtypes of DCs but they fall outside the scope this 

introduction.  
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Immature DCs are characterised by high endocytic and phagocytic activity as they 

sample the environment using TLRs and PRRs on their surface, making them an integral 

part of the innate immune system. However, once TLR signalling has started, the DCs 

mature and migrate to lymph nodes where they activate the adaptive immune system 

by functioning as antigen presenting cells.45 At the same time they express the co-

stimulatory molecules CD40, CD80 and CD86, the first binding to CD40L on T-helper 

cells, and the latter two to CD28 on the responding lymphocytes. This co-stimulation is 

required for successful activation of lymphocytes during antigen presentation.46 

DCs present antigens via two molecules; the major histocompatibility complex I (MHC 

class I) and MHC class II. MHC class I presents peptides derived from the cytosol - this 

process is also called the endogenous antigen-presenting pathway. These molecules are 

found on every nucleated cell of the body but only certain cells present antigens 

“professionally”. MHC class I presentation leads to the activation of cytotoxic CD8+ T-

cells. MHC class II molecules are found on APCs such as DCs, macrophages and B-cells. 

The MHC class II molecule associates with protein fragments of extracellular origin that 

have been endocytosed, digested in the lysosome and loaded on the class II molecule 

then transported to the cell surface. Class II presentation activates naive CD4+ T-cells 

into T-helper cells.47 Activated DCs, under certain circumstances produce IL-12 that 

drives naïve T-helper cells to develop into the TH1 subtype that secretes IFNγ and TNF-

β. These cytokines promote cytotoxic activities by CD8+ T-cells and macrophages. 

Under different conditions DCs can alternatively secrete IL-4 that promotes 

differentiation of T-helper cells into the TH2 subtype; these in turn secrete more IL-4 

and IL-5, IL-13 and IL-10 driving B-cell proliferation and antibody production.48 
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1.2 Immunity to tumours 
 

1.2.1 Cancer immunosurveillance and immune evasion 
 

Having established the main components of the immune system, the focus will now be 

on how tumour cells escape the detection by these various components. The idea that 

the immune system controls the growth of tumour cells via a process later described as 

“immunosurveillance” was first coined by Paul Erlich at the beginning of the 20th 

century when he hypothesised that without the immune system, carcinomas would 

appear with high frequency.49 This idea was slowly gaining traction until it was 

challenged in the 1970’s when studies by Stutman et al. demonstrated that athymic 

mice had the same amount of tumours as immunocompetent mice.50 This discovery did 

not take into account the fact that the innate immune system could also play a part in 

the surveillance. As more anti-tumour lymphocyte types such as NKT-cells and γδ T-

cells were discovered and further evidence of the importance of molecules such as IFNγ 

and perforin in tumour development was found, the idea of surveillance was revived.51 

An important tool in the tumour surveillance studies has been identification of 

recombinase activating gene RAG-2. The gene has enabled studies with mice that lack 

the gene and cannot rearrange their antigen receptors, which leads to a failure to form 

functional T-cells, B-cells, NKT-cells and γδ T-cells.52 These mice developed tumours 

faster than mice with an intact immune system. IFNγ has also been shown to be crucial 

for anti-tumour effects.53 

The immune system has various mechanisms to recognise tumour cells. It can detect 

mutated or inappropriately expressed tumour antigens presented on MHC class I 

molecules to CD8+ T-cells either by the tumour cell itself or by APCs. If an APC presents 

the antigen, the act is called ‘cross-priming’. This is thought to enhance the immune 

response against the tumour. Examples of tumour antigens that have arisen from the 

differentiation of the tumour include Melan-A, gp-100 and tyrosinase.54,55 Antigens that 

are products of a mutation include abnormal p53, over-expressed antigens include 

HER-2/neu, and viral antigens such as human papilloma virus antigens and cancer-
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testis antigen NY-ESO-1 can all be presented on MHC class I by APCs resulting in CD8+ 

T-cell activation.54,56,57 

Another mechanism by which the immune system becomes aware of the tumour is the 

presence of danger signals such as uric acid, which is released from dying cells and this 

has been shown to enhance cytotoxic T-cell priming when presented by a mature DCs.58 

Other signals include the MHC class I chain-related proteins A and B (MICA/B) that are 

normally only expressed in the gut epithelium but are highly expressed in many 

primary carcinomas such as lung, kidney and colon and they stimulate killing activity in 

CD8+ T-cells and activated NK cells. 59,60  

 

Tumour escape mechanisms 

Despite the control mechanisms, tumours can and do escape detection and/or 

destruction by the immune system.  Cancer development is a multifactorial process; 

through accumulation of genetic and epigenetic changes cells assume a phenotype that 

allows them to bypass normal growth controls. Although neoplastic cells are antigenic, 

they are often only weakly immunogenic resulting in a lack of capacity to mount a 

sufficiently pro-inflammatory environment to allow full T-cell activation. Although 

other APCs such as B-cells, monocytes and macrophages express tumour associated 

antigens (TAAs) through exogenous and endogenous pathways, it is dendritic cells that 

are mainly responsible for the initiation of an immune response and therefore crucial in 

the development of an immunosuppressive tumour microenvironment. Their role is to 

prime the effector functions in antigen-specific T-cells but they may fail to do so for 

various reasons. In order to activate an effector T-cell, the cell requires presentation of 

both the TAA on an MHC molecule by the DC, and engagement of a co-stimulatory 

molecule CD80 and CD86 (both of the B7 family of ligands) in the presence of pro-

inflammatory cytokines such as IL-12.61 This environment is not always present around 

tumours but instead consists of immature DCs in the presence of more tolerogenic 

mediators. These DCs are incapable of providing a full activation signal to the effector T-

cell making them susceptible to anergy, turning into Tregs or staying naive.62,63 CD8+ T-
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cells can also become tolerogenic in a conducive environment and ignore or become 

tolerant of TAAs.64,65 CD8+ T-cells can also exhibit split anergy whereby if they don’t 

receive a co-stimulatory signal, the T-cells cannot produce IL-2 even though they are 

still cytotoxic.66 This results in inefficient effector function. Therefore some aspects of 

CD8+ T-cell effector functions can be impaired with incomplete priming while they can 

still have partial effector functionality. So, how does a cancer cell create a 

microenvironment that is so favourable to tolerance and leads to the inefficient priming 

of effector T-cells? The main mechanisms can be broadly divided into two categories: 

tumour cell contact-dependent mechanisms and tumour cell contact-independent 

mechanisms. 

 

Cell contact-dependent mechanisms 

There are three main methods that tumours employ to achieve their escape through 

contact-dependent means. They can down-regulate or lose cell-surface molecules that 

are critical for adhesion or immune recognition and activation. They can also adversely 

affect receptor ligand interactions by expressing surface molecules that result in 

inhibition of T-cell activation. Alternatively the tumour cells may acquire genetic or 

epigenetic modifications that enhance the cells’ resistance to apoptosis. 

A common tactic by cancer cells is to interfere with the TAA presentation via the MHC 

complex. They achieve this by mutating the assembly pathway of the MHC complex 

leading to misprocessing or mispresentation of the TAAs.67 This results in the formation 

of incomplete MHC complexes due to e.g. mutation and down-regulation of parts of its 

components such as the transporter associated with antigen processing (TAP1 and 

TAP2) proteins and the immunoproteasome. The tumour cells also either do not 

express or down-regulate the expression of the co-stimulatory molecules CD80 and 

CD86 making them very poor APCs.68,69 T-cell signalling can also be affected by the 

decreased expression of the TCR components such as the CD3ζ-chain and tyrosine 

kinases p56lck and p59fyn.70 Although the mechanisms used by tumour cells to achieve 
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this are not yet fully understood, there is evidence that at least depletion of the amino 

acids arginine and tryptophan by the tumour cells can induce the effect.71,72 

A method that tumour cells also employ to inhibit T-cell activation is the use of CTLA-4, 

a natural component of a cell whose function, when engaged by CD86 (B7-2), is to 

inhibit lymphocyte proliferation and activation. Several studies have found that if CTLA-

4 is blocked it can lead to enhanced tumour rejection in vivo.73,74,75 Tumour cells can 

also directly regulate the cytokine production and proliferation of T-cells by expressing 

the ligands for programmed death receptor-1 (PD-1), which itself is expressed on many 

immune cells, notably on mature T and B-cells and thymocytes.76,77 PD-ligand 1 (PD-L1, 

aka B7-H1) particularly is strongly expressed on many tumours and is a crucial escape 

mechanism for a tumour type that is normally highly immunogenic but still manages to 

form lethal tumour masses.78 PD-L1 is normally expressed in both nonlymphoid organs 

such as the lung, heart and placenta in humans and mice but also in human monocytes, 

dendritic cells and keratinocytes to balance T-cell activation and suboptimal priming by 

CD28-mediated costimulation.79 Both PD-L1 and its homolog PD-L2 when bound to PD-

1 inhibit T-cell proliferation by blocking cell cycle progression at G0/G1 in activated T-

cells but they do not increase cell death.79 Both are induced by IFNγ, presumably to 

control the resulting pro-inflammatory environment in response to the cytokine. 

However, it appears that the expression level of PD-1 in activated T-cells is strongest 

when the TCR signal is weak, possibly to avoid the proliferation of suboptimally 

activated T-cells.79 Therefore tumours that only weakly activate T-cells and express PD-

L1 and PD-L2 are in a strong position to dampen even a weak response to them.  

Another member of the B7 family, B7-H4 (aka VTCN1) has also been described as 

having a similar effect on T-cell proliferation as PD-L1.80 It is expressed in myeloid and 

lymphoid cells and its engagement results in cell cycle arrest and inhibition of cytokine 

production, particularly IL-2, and inhibition of the development of cytotoxicity in T-

cells.80  Its receptor is not yet known but there is evidence that it blocks T-cell 

proliferation by interfering with activation of ERK, JNK and AKT signalling.81 B7-H4 is 

expressed by many tumour types including ovarian, renal and breast carcinomas and is 
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blockade can enhance tumour regression indicating that the tumours derive a benefit by 

expressing it.82,83 

Apoptosis is another mechanism tumours exploit to escape destruction by the immune 

system. Following findings of lower numbers of circulating CD8+ T-cells in some 

patients, tumour cells were identified as able to induce apoptosis of T-cells in certain 

cancers.84,85 It has been suggested that they do this by expressing Fas ligand (FasL) that 

on engagement with Fas on the T-cell surface initiates programmed cell death in the T-

cell.85 Tumours can also release soluble FasL in microvesicles in the tumour 

microenvironment or in the circulation thus avoiding contact with T-cells and helping to 

create an “immunoprivileged” site for the tumour.86  

While causing apoptosis to T-cells, tumour cells are often resistant to it themselves. The 

resistance pathways can be broadly defined as either intrinsic (or mitochondrial) or 

extrinsic (or death receptor) to the induction of apoptosis. The intrinsic pathway begins 

within the cell as a reaction to stimuli such as hypoxia, irreparable DNA damage, high 

oxidative stress and extremely high cytosolic Ca2+ concentration.87 Each of these stimuli 

increases the permeability of the mitochondria resulting in the release of pro-apoptotic 

molecules such as cytochrome-c into the cytoplasm.88 The pathway is regulated by 

proteins of the Bcl-2 (derived from B-cell lymphoma 2) family that is divided into pro-

apoptotic (e.g. Bax, Bak, Bcl-Xs) and anti-apoptotic (e.g. Bcl-2, Bcl-XL, Bcl-W) proteins. It 

is the balance of these proteins that determines whether apoptosis is initiated or not. 

Ultimately the release of cytochrome-c leads to the induction of caspase 3 via the 

complex of apoptosome.87 In cancer these proteins can be unbalanced whereby pro-

apoptotic proteins are underexpressed and anti-apoptotic proteins are over-expressed. 

This was evident in studies by Raffo et al. and Fulda et al. who found that 

overexpression of Bcl-2 increased the survival of prostate cancer by protecting the cells 

from apoptosis and that it lead to the inhibition of TRAIL-induced apoptosis in 

neuroblastoma, glioblastoma and mammary carcinoma cells.89,90 In colorectal cancers 

the bax gene has undergone frameshift mutations leading to impaired apoptosis 

whereas in chronic lymphocytic leukaemia the malignant cells have high levels of the 

anti-apoptotic Bcl-2 and low levels of Bax.91,92 The p53 tumour protein is another well 
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known suppressor of tumours but also a cause for unregulated growth when it is 

mutated. It is involved in the induction of apoptosis, cell cycle regulation, development, 

differentiation, DNA recombination and chromosomal segregation, making it a critical 

protein in many areas of a cell’s life. It is therefore not surprising that defects in it have 

been found in more than 50% of human cancers.87  

In the case of increased resistance to extrinsic cell death, a crucial receptor is the Fas. It 

can be either down-regulated itself or there might be defects downstream in caspase 

activation or overexpression of anti-apoptotic proteins such as FLICE-inhibitory protein 

(FLIP).93,94,95 There are also inhibitors of apoptosis proteins (IAPs) that regulate 

apoptosis, cytokinesis and signal transduction. They are endogenous inhibitors of 

caspases by binding into their active site which promotes the enzyme’s degradation or 

prevents it from binding its substrates.96 Dysregulated IAPs have been found in many 

human cancers such as pancreatic cancer, melanoma and lymphoma and the abnormal 

expression of these proteins correlated with the malignant cells’ resistance to 

chemotherapy, particularly in pancreatic cancer.97,98,99  

Fas downregulation remains as one of the most important mechanisms in tumour 

progression. It has been found in many human malignancies95,100,101 and for a host 

immune system that relies on Fas-mediated cytotoxicity, the emergence of a Fas-

resistant (Faslo) tumour variant can prove even more lethal. These variants have been 

shown to exhibit enhanced tumour growth and higher resistance to CTL-based 

immunotherapy in a mouse lung cancer model.102,103 Studies have also shown that the 

development of these variants can be due to selective pressure from the host system 

which, through the elimination of Fashi populations, allows the more aggressive Faslo 

variants to escape.102 As these cells are also more refractory to CTL-based 

immunotherapy, they are an important target to study for better therapies. 

 

Cell contact-independent mechanisms 

These mechanisms can be broadly divided into tumour-derived factors (TDFs) and 

immunosuppressive subsets of cells that contribute to tumour escape. TDFs can have 
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pro-apoptotic or immune suppressive properties. These include transforming growth 

factor-β (TGF-β), vascular endothelial factor (VEGF), IL-10, prostaglandin PGE2, reactive 

oxygen species (ROS) and indoleamine 2,3-dioxygenase (IDO). Many of these, such as 

IL-10 and TGF-β, can act on lymphocytes directly but several (e.g. VEGF, PGE2, GM-CSF) 

have indirect effect through APCs such as DCs and macrophages making the 

lymphocytes tolerogenic or non-stimulatory. Malignant cells are able to produce these 

factors by having constitutive STAT3 activity, which results in a reduced pro-

inflammatory microenvironment around the tumour hampering proper DC 

maturation.104 The TDFs are also able to induce endogenous STAT3 activity in DCs, 

therefore impairing both innate and adaptive immunity against the tumour.105 It is not 

only lymphocytes and DCs that are adversely affected by TDFs, but their actions can 

create pro-tumour cell populations such as stromal fibroblasts and tumour-associated 

macrophages (TAMs).15 These cells can then enable tumour vascularisation by 

producing angiogenic factors such as VEGF. TAMs are often recruited by the TDF 

colony-stimulating factor-1 (CSF-1) and PGE2 produced by the tumour stroma. TGF-β is 

a crucial TDF for tumour progression. Its actions abrogate T-cell differentiation, 

proliferation and effector function via the loss of IL-12 production and lytic activity.106 

Stromal cells that have been exposed to TGF-β can produce IL-4 and IL-10 skewing the 

immune response towards type 2 response (humoral-mediated immunity), which 

hampers effective cytotoxic activity against the tumour.107 TGF-β affects DCs directly by 

downregulating the expression levels of MHC class I and II molecules on the APC.108 

Many TDFs not only promote tumour progression by affecting the surrounding cells but 

they also enhance the tumour cells’ own survival. TGF-β, PGE2 and VEGF can up-

regulate additional angiogenic activators such as matrix metalloproteinase-2 and anti-

apoptotic genes such as c-FLIP and Bcl-xL, which are key factors enabling tumour escape 

and progression.109,110,111 

These potent TDFs can induce immunosuppressive subsets within lymphoid and 

myeloid cells. Well known immunosuppressive cell populations include Tregs, myeloid-

derived suppressor cells (MDSCs), IDO+ DC subsets and macrophages, and CD1-

restricted NKT-cells, the last of which downregulate host immune responses via the 

production of IL-13 and recruitment of MDSCs.112,113 
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For the purposes of this project we focused on two tumour immune evasion 

mechanisms that appear to involve depletion of amino acids from the environment: the 

recruitment of myeloid derived suppressor cells and the expression of the enzyme 

indoleamine 2,3-dioxygenase. 

 

1.2.2 Myeloid derived suppressor cells 
 

Myeloid derived suppressor cells (MDSCs) are a heterogeneous group of immature 

myeloid cells. These are progenitor cells that in a healthy individual would quickly 

differentiate into DCs, macrophages and mature granulocytes, but under pathological 

conditions do not undergo full differentiation. They have an important 

immunoregulatory role in both innate and adaptive immunity, and as they are often 

implicated in tumour evasion114 are further described here. It has been suggested that 

MDSCs play an important role in the non-pathological setting by preventing the immune 

system from excessive activation and resulting tissue damage.115,116 They also 

accumulate in bacterial and parasitic infections, inflammation, trauma and 

autoimmunity but one of their most notable adverse effects is the inhibition of 

immunosurveillance that can contribute to tumour progression.114 

Cell surface markers of human and mouse MDSCs differ from each other and for the 

purposes of this thesis, the mouse MDSCs are further explained. Mouse MDSCs can be 

divided into two subsets according to which epitope the Gr1 marker on MDSCs binds, 

and their mechanism for T-cell suppression is different from one another. CD11b+ 

LY6G+LY6Clow MDSCs have a granulocytic morphology whereas CD11b+LY6G -LY6Chi 

have a more monocytic appearance.117,118,119 Monocytic MDSCs also have the ability to 

mature into DCs and macrophages in vitro. MDSC expansion can be induced by 

cyclooxygenase 2, prostaglandins, stem-cell factor (SCF), IL-6 and GM-CSF.118,120 These 

factors trigger signalling pathways that lead to the transcription factor STAT3 (signal 

transducer and activator of transcription 3), which is the main transcription factor 

regulating the expansion of MDSCs. In addition to the factors regulating expansion, the 

MDSCs have to be activated in order to be suppressive. IFNγ, TLR ligands, IL-4, IL-13 
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and IL-1β can all trigger signalling pathways that lead to the upregulation of arginase 1, 

inducible nitric oxide synthase (iNOS), the suppressive cytokine TGFβ, and enhanced 

reactive oxygen species production, all major mechanisms of MDSC-mediated T-cell 

suppression.118  

Arginine depletion has historically been considered as one of the main mechanisms that 

MDSCs utilise for their suppressive activity. Two enzymes that use arginine as a 

substrate have been shown to be expressed in MDSCs: Arginase 1 - leading to the 

production of urea and L-ornithine - and inducible Nitric Oxide Synthase (iNOS).  The 

resulting depletion of arginine leads to the down-regulation of the T-cell CD3 ζ-chain 

and prevention of the up-regulation of cell cycle regulator cyclin D3 and cyclin-

dependent kinase 4.121,122 Nitric oxide induces the inhibition of JAK3/STAT5 signalling 

in T-cells and inhibits MHC class II expression.123,124 MDSCs also produce reactive 

oxygen species (ROS) that have been shown to be critical to their inhibitory activity125 

and peroxynitrite that causes the nitration of the T-cell receptor and CD8 molecules, 

altering the specific peptide binding in the T-cell making the cells unresponsive to 

stimulation with their natural cognate antigen.126 A new mechanism involving the 

depletion of cystine/cysteine by MDSC that results in T-cells being deprived of cysteine 

has also recently been described.127 This results in reduced T-cell activation. These 

mechanisms are used to a different extent by the two types of MDSC whereby the 

granulocytic type expresses high levels of ROS and low levels of NO, and the monocytic 

type the opposite. Both types express arginase 1 although the granulocytic type 

depends on it more than the monocytic type which relies more on iNOS. 117,128  MDSCs 

are also important inducers of regulatory T-cells.129   

 

1.2.3 Indoleamine 2,3-dioxygenase (IDO) 
 

IDO is the first and rate-limiting enzyme of the kynurenine pathway that breaks down 

tryptophan, although this function can also be performed by a functionally similar but 

structurally different enzyme, tryptophan 2,3-dioxygenase (TDO).130,131 TDO is liver-

specific and is constitutively expressed while IDO is interferon-gamma (IFNγ)-inducible 
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in many cell types, including cells of epithelial and monocytic lineages.132,133 It is also 

expressed in pDCs and certain other DCs.134 Both enzymes are cytosolic.  The activity of 

IDO was first described in 1975 in the rabbit intestine but advances in molecular 

biology allowed its cloning and sequencing from human and mouse fibroblasts and 

rectal cancer line CMT-93, respectively, in the early 1990’s. 130,135,136,137 IDO is located on 

chromosome 8 in both human and mouse, and they both encode a protein of 40kDa in 

size. The human and mouse IDO peptide sequences share 61% identity (Appendix I). 

IDO belongs to the family of heme-containing dioxygenases that catalyze the 

incorporation of molecular oxygen (O2) into their substrates. IDO catalyses the cleavage 

of the 2,3-double bond in the indole moiety of tryptophan by a dioxygen bound to the 

reduced heme-iron (Fe2+) to produce N-formylkynurenine along the kynurenine 

pathway (Figure 2).138 
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Figure 2. Kynurenine pathway with main enzymes (in green) and metabolites (in 

black). 
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The structure of IDO has been solved with the non-competitive inhibitor 4-

phenylimidazole bound to its active site, and this has helped in the analysis of its 

catalytic mechanism and aided computer modelling-based screening for IDO 

inhibitors.139,138,140 The latter has yielded a few new nanomolar inhibitors and identified 

1-methyl tryptophan as a substrate, in addition to the known substrates tryptophan (L 

and D), serotonin and tryptamine.140,138,141 The structure of IDO revealed by Sugimoto et 

al. in 2006 reveals the monomeric enzyme to have two domains labelled as “small” and 

“large” (Figure 3).139 The large domain is made up solely of helices (13 α and two 310 

helices) and the heme containing active site is in this domain. The molecular oxygen sits 

on the heme iron and is cleaved from here when it is incorporated into the substrate. 

The small domain consists of six α -helices, two β -sheets and three 310 helices, and the 

contact between the domains is extensive at around 3100 Å2. The way in which the 

heme in IDO is reduced is not entirely clear but cytochrome b5 has been suggested as a 

candidate by Vottero et al. but the authors also suggest that due to the partial 

redundancy of cytochrome b5, IDO may be able to auto-oxidise or use NADPH-

cytochrome P-450 oxidoreductase or superoxide dismutase as electron sources.142   
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Figure 3. Crystal structure of IDO with heme prosthetic group that forms part of the 

enzyme active site. PDB file: 2D0T 

 

Various lines of evidence have revealed an important role for IDO-dependent 

tryptophan metabolism in regulating immunity. The IDO-dependent kynurenine 

pathway was first thought to be only involved in antibacterial innate immunity, because 

depletion of intracellular tryptophan inhibits the replication of invading 

microorganisms.143 It was then found that placental IDO expression prevents maternal 
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immune responses to foetal antigens, the first line of evidence suggesting a role for IDO 

in regulation of adaptive immunity.144,145 Other groups showed that loss of IDO 

expression or function shortened graft survival146,147, and exacerbated autoimmune 

diseases, such as experimental allergic encephalomyelitis.148,149 In addition, inhibition of 

IDO activity in HIV-1 encephalitis enhanced the generation of HIV-1 -specific cytotoxic 

lymphocytes, thus eliminating HIV-1 –infected macrophages.150 In the cancer context 

IDO was initially thought to be tumouricidal due to the depletion of tryptophan151, 

however the finding that IDO is crucial in establishing materno-foetal tolerance brought 

up the possibility that IDO expression in APCs in the tumour-draining lymph nodes may 

be beneficial to the tumour rather than harmful.145  

The role of IDO in cancer was raised in studies by Uyttenhove et al. who reported that 

most human tumours express IDO.152 Recently it has become evident that the reason 

many tumours express IDO suggesting is that they derive a benefit from its expression 

by e.g. causing a proliferation arrest in the T-cells in their microenvironment and the 

generation of Tregs.152,153 This benefit is thought to be a combination of the effect of 

tryptophan depletion and the accumulation of certain tryptophan metabolites through 

the kynurenine pathway. The metabolites have been implicated in neurological 

disorders such as Parkinson’s disease154, Huntington’s disease155 and schizophrenia156 

but also in chronic inflammatory bowel disease157 and chronic renal insufficiency158. 

There are also indications that some of them are specifically toxic to CD8+ T-cells and 

some drive the conversion of naive CD4+ cells into Tregs.159,160  

 

 

1.2.4 The mTOR pathway and nutrient deprivation  
 

At least one of the mechanisms how cells detect amino acids is by mTOR. The mTOR 

pathway is a central regulator of cell growth, metabolism, proliferation and survival. 

The mTOR protein is a serine-threonine kinase of 289kDa and belongs to the phospho-

inositide 3-kinase family.161  Structurally and functionally it appears as part of two 

distinct multiprotein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 
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(mTORC2) (Figure 4). mTORC1 consists of five components: the catalytic subunit 

(mTOR), regulatory associated protein of mTOR (Raptor), mammalian lethal with Sec13 

protein 8 (mLST8 or GβL), proline-rich AKT substrate 40kDa (PRAS40) and DEP-

domain-containing mTOR-interacting protein (Deptor).161,162 The exact role of each 

component in the complex is not entirely clear but it has been proposed that PRAS40 

and Deptor are inhibitors of mTOR kinase activity.163  

mTORC2 is a complex made up of six proteins: mTOR, rapamycin-insensitive companion 

of mTOR (Rictor), mammalian stress-activated protein kinase interacting protein 

(mSIN1), protein observed with Rictor-1 (Protor-1), mLST8 and Deptor. As with 

mTORC1, Deptor also inhibits mTORC2 and is the only known direct physiological 

inhibitor of this complex. 

 

          

 

Figure 4. Composition of mTOR complexes. Adapted from Powell, JD. et al. (2012) Annu. 

Rev. Immunol. 30, 39-68.  
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The name of the mTOR kinase is derived from the bacterial macrolide rapamycin that is 

a well-characterised and very specific inhibitor of mTORC1 activity, although there is 

evidence that chronic exposure to rapamycin can prevent mTORC2 assembly and 

inhibit it this way.161,164 Relatively little is known about the physiological role of 

mTORC2 apart from its regulatory role in cytoskeletal organisation but its signalling 

pathways are still largely unknown.165,161 

The physiological role of mTORC1 has been studied more exhaustively. It is a positive 

regulator of protein synthesis by phosphorylating the eukaryotic initiation factor 4E 

(eIF4E)-binding protein 1 (4E-BP1) and the p70 ribosomal S6 kinase (S6K1) which in 

turn phosphorylates the ribosomal protein S6 that is often used as a read-out for mTOR 

activity (Figure 5). mTORC1 is important in the initiation of autophagy in nutrient-poor 

conditions when its normal role in repressing autophagy-related proteins unc-51-like 

kinase 1 (ULK1), autophagy-related gene 13 (ATG13) and focal adhesion kinase family-

interacting protein of 200kDa (FIP200), is inhibited.166 This is an important mechanism 

that allows the cell to sustain its metabolic processes through controlled protein 

turnover and organelle degradation. 
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Figure 5. Downstream signalling of mTOR. Adapted from Powell, JD. et al. (2012) Annu. 

Rev. Immunol. 30, 39-68.  

 

 

mTORC1 has a major role in integrating signals for growth factors, and availability of 

energy sources, oxygen and amino acid as well as receiving input from cellular stress 

and DNA damage pathways (Figure 6). mTORC1 is stimulated by growth factors via the 

canonical insulin and Ras signalling pathways. Cellular energy status is signalled 

through the AMP-activated protein kinase pathways while oxygen availability is 

detected through regulation of the “DNA damage response 1“ (REDD1) pathway.167 

Amino acids are strong activators of mTOR. Under amino-acid starvation conditions it is 

impossible to maximally activate mTOR even in the presence of strong alternative 
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stimulation.168 Although the exact details still remain to be elucidated, it has recently 

been shown that an as-yet-to-be-discovered amino acid concentration sensing 

mechanism is linked to mTORC1 by four related Rag proteins (GTPases) that bind to 

Raptor and induce relocalisation of mTORC1 to the perinuclear region where it 

associates with its activator Rheb.169  

 

 

 

Figure 6. Upstream signalling cascade leading to mTOR activation. Adapted from 

Powell, JD. et al. (2012) Annu. Rev. Immunol. 30, 39-68.  

 

Due to the critical role of mTOR in cell growth, a lot of attention has been given to mTOR 

inhibition as a target for anti-cancer therapy. Around 50% of all human malignancies 

including colorectal cancer and acute myelogenous leukaemia (AML), have been 
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reported to have heightened mTOR activity.170,171,172 This is due to many growth 

promoting signalling pathways commonly upregulated in cancers, such as AKT, 

HER2/neu and epidermal growth factor receptor (EGFR) being directly linked to mTOR 

and possibly mediating some of their pro-tumour properties through effectors 

downstream of mTOR.173  

Although from a logical point of view mTOR inhibition appears to be a good target for 

cancer therapies, mTOR inhibition with rapamycin analogs has only been shown to be 

moderately effective against a few types of cancer such as mantle cell lymphoma (a type 

of non-Hodgkin’s lymphoma), endometrial cancer and renal cell carcinoma.174 This has 

been attributed to the fact that the inhibitors only inhibit mTORC1 while concomitant 

inhibition of mTORC2 appears to be important for success in the therapy.175 Because of 

this problem a new strategy for mTOR inhibition is focussing on inhibition at the ATP-

binding site of the mTOR kinase. This site is required for activity for both mTORC1 and 

mTORC2 and would therefore encompass the problem of inhibiting both complexes.  

As understanding of the role of mTOR in the adaptive immune system has grown, one 

issue that has come to the fore is the potential for mTOR inhibitors in cancer to be 

counterproductive by weakening immune surveillance.172 It is becoming increasingly 

clear that blockade of mTORC1 activity can have a profound effect on the differentiation 

fate of naive lymphocytes. In some cases this may have potentially beneficial effects – 

mTORC1 blockade appears to result in increased CD8+ memory T-cell generation rather 

than cytotoxic effector T-cell176 , and this effect could be harnessed for the development 

of, for example, better tumour vaccines. At the same time, however, mTORC1 inhibition 

clearly inhibits direct cytotoxic activity and more worryingly has been shown to result 

in significantly increased rates of conversion of naive CD4+ T-cells upon stimulation to 

immunosuppressive Tregs.177 It would not be surprising if this effect is exploited by 

tumour cells and some of the experiments carried out as part of this project suggest that 

this may indeed be the case. 
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1.2.5 The GCN2 pathway 
 

In addition to mTOR, the general control non-derepressible-2 (GCN2) kinase also 

detects amino acid depletion. It is one of four kinases in mammals involved in the 

phosphorylation of eukaryotic Initiation Factor 2α (eIF2α) in response to amino acid 

levels and environmental stresses.178 The main function of the kinases is to control 

proteins synthesis levels and the expression levels of genes involved in, amongst other 

things, amino acid biosynthesis. During low amino acid levels the GCN2 kinase 

physically senses the uncharged tRNA via its regulatory domain turning it into the 

active form able to phosphorylate eIF2α.178 eIF2 binds either GDP or GTP but it is only 

when bound to GTP when it is able to attach methionyl- tRNA to the ribosome and 

transfer it to the 40S ribosomal subunit. When the attachment to the 40S subunit has 

taken place, the GTP is hydrolysed to GDP and inorganic phosphate. Phosphorylated 

eIF2α inhibits the reversal of GDP to GTP, which results in a reduction of protein 

synthesis.178 In yeast during GCN2 activation a transcriptional activator GCN4 has also 

been identified, which keeps residual amino acid synthesis during starvation enabling 

survival in adverse conditions.179  

There is no mammalian ortholog of the GCN4 gene but the expression of a related basic 

leucine zipper transcriptional regulator ATF4 is increased during amino acid 

starvation.180 This gene induces a cascade of transcriptional regulators involved in 

cellular metabolism, redox status and apoptosis, and it has recently been shown that 

ATF4 is translationally upregulated in nutrient deprived conditions in which it 

upregulates amino acid biosynthetic pathways and is closely linked to eIF2α 

phosphorylation by GCN2.180 Since GCN2 can, at least in plants, be activated, in addition 

to amino acid starvation, by other stimuli such as salicylic acid, purine analogue 8-

azaadenine, UV-B, wounding and cold-shock181, it would be interesting to see whether 

amino acid metabolites, such as kynurenines produced by tryptophan metabolism, can 

activate the GCN2 pathway, therefore collaborating with mTOR in the inhibition of 

protein synthesis and induction of apoptosis. If a tumour cell can cause the depletion of 

amino acids from its microenvironment via e.g. IDO or iNOS, and if the GCN2 pathway 

can get activated with their metabolites too, this would be an additional method by 
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which the tumour cell can wreak havoc in the surrounding effector T-cells. The GCN2-

ATF4 pathway has been shown to be crucial for tumour progression in mouse and 

human tumours enabling them to survive in nutrient deprived conditions.180 It would 

therefore be interesting to study whether T-cells are more susceptible to nutrient 

depletion because of deficient ATF4 upregulation. If there are differences between the 

induction of tumour and T-cell GCN2-ATF4 pathways, it would provide a great target for 

new cancer therapy since tumour cells could be targeted specifically. 

 

 

1.2.6 Tryptophan transport in IDO-mediated immunosuppression 
 

Another emerging aspect of IDO activity in a tumour setting relates to the varying 

ability of different cell types to extract tryptophan. T-cells are very sensitive to the 

tryptophan concentration in their microenvironment; on the other hand tumour cells 

appear to be more resistant and it is not currently known why. One possible explanation 

would be that tumour cells are able to express higher affinity transport systems when 

tryptophan levels are low, outcompeting cells without that ability. 

 Tryptophan, like other amino acids, is taken up by a substrate-specific transmembrane 

transporter. System L is a ubiquitously expressed heterodimeric transporter that, in 

addition to tryptophan, transports other large hydrophobic amino acids.182,183 Its 

function is sodium-independent. It consists of a common heavy chain –also known as 

CD98 -accompanied by a catalytic light chain –either LAT1 or LAT2.184,185 It is possible 

that tumour cells would increase the expression of System L in low tryptophan 

conditions, but a recent finding by Silk et al. identified a possible alternative transporter 

that is resistant to the System L inhibitor 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic 

acid (BCH).186 In their study both human and mouse tumour cell lines upregulated the 

new transporter when transfected with IDO or treated with IFNγ that induces IDO 

expression. 
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 This would indicate that upregulation of the new transporter system could help tumour 

cells survive in an IDO positive, tryptophan-depleted environment.  T-cells do not 

appear to have the ability to upregulate the same transporter (unpublished 

observations) and would therefore be at a significant disadvantage in an IDO-positive 

tumour environment even if tryptophan levels were not completely depleted. 

This finding has significant clinical implications as small-molecule inhibitors against the 

new transporter could specifically affect the tumour cells by reducing their tryptophan 

uptake, making them more susceptible to tryptophan shortage and likely forcing them 

to either downregulate IDO or face significant growth penalties thus removing their 

advantage against  T-cells. 

 

1.3 Aims  
 

This project has focused on investigating different aspects of immunomodulatory 

mechanisms employed by cancer cells that rely on modifying amino-acid availability to 

cells of the immune system. As expression of IDO and recruitment of MDSCs were two of 

the better described mechanisms we decided to investigate their mechanics more 

closely aiming to identify ways these could be counteracted in a clinical setting.  

We specifically selected to employ various biochemical and immunological assays to 

study the principles underlying IDO expression and function, and explore potential 

avenues for its inhibition, and attempted to clarify the nature and importance of the 

inhibitory mechanisms used by MDSCs; in particular the role amino-acid depletion 

played. 

In the first chapter our aim was to identify an IDO inhibitor with in vivo activity and 

potential for clinical application. In the second chapter, we attempted to clarify whether 

catabolic products of tryptophan rather than its depletion alone affected T-cell activity 

and if so, to what extent and under which circumstances. In the final results chapter we 

investigated potential mechanisms of T-cell suppression employed by MDSCs and their 

relative importance. 



 42 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2: IDO inhibitor screen and properties of 3-
hydroxyanthranilic acid as an IDO inhibitor 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 



 43 

 2.1 Introduction 
 

The potential of IDO inhibition as anti-cancer therapy has become apparent since the 

discovery that many tumours express IDO and that its expression is correlated with a 

poor prognosis.187,188,189,190 This has indicated that therapeutic intervention in IDO 

activity may have clinical value in the treatment of cancer. Supporting this hypothesis 

were studies that have described significantly more frequent tumour regressions when 

IDO inhibitors were used in conjunction with conventional chemotherapeutic agents 

compared to single-agent therapy.191,192,193  

For many years, the most well known IDO inhibitors were tryptophan derivatives and 

β-carbolines, which have inhibition constants in the micromolar range.194,195 Of these, 1-

methyl tryptophan (1-MT) has been widely used as a standard IDO inhibitor and it is 

currently undergoing clinical trials.196 There is, however, uncertainty as to which 

stereoisomer is more relevant as they display different activities in different systems; 1-

MT (L) inhibits the pure enzyme better than 1-MT (D) which has stronger inhibitory 

activity in cellular assays; however, its activity depends on the cell type.150,191,197,198 1-

MT also has the added disadvantage of inhibiting the transport system L that is 

responsible for tryptophan transport through the cell membrane in many cell types, 

decreasing the cell’s ability to take up this essential amino acid.199 Despite these 

conflicting effects on intracellular tryptophan availability, it has nevertheless be shown 

to have some activity in vivo resulting in tumour regression when it has been given in 

combination with different chemotherapeutic agents, with a metabolic enzyme inhibitor 

or as a vaccine in which it was conjugated to a tumour antigen peptide.200,191,201 The 

latest findings with 1-MT (D), however, also indicate to its potential in up-regulating 

IDO1 mRNA via p38 MAPK and JNK signalling. 202 This is worrying for the ongoing trials 

with 1-MT (D) and definitely leaves a window open for more potent and specific 

inhibitors of which a few have been described in recent years.  

The first nanomolar inhibitors were described in 2006 when two groups isolated 

molecules from marine organisms that were structurally unrelated to tryptophan.203,204 

Exiguamine A had a Ki ranging from 41nM to 210nM but it has so far only been tested in 
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vitro with the recombinant IDO thus providing no information of its usefulness in whole 

cells.203,205 Annulin B and C were another group of marine organism-derived molecules 

with Ki values in the 100 nM range using recombinant IDO, however they were unable 

to cross the cell wall in a yeast-based assay.204 These molecules did, nonetheless, give a 

template to guide the design of new IDO inhibitors and in 2008 Kumar et al. published 

naphthoquinone inhibitors based on the annulin B core that induced tumour 

regressions in vivo in mice when administered together with the chemotherapeutic 

agent paclitaxel.206 Exiguamine A also provided a base for the synthesis of simpler 

tryptaminequinone analogues that were active in the submicromolar range in vitro, 

however these have not yet been tested in cellular assays.205  

The most recent and promising competitive IDO inhibitor was discovered 

independently of the above and is based on a hydroxyamidine scaffold.207 It showed 

activity in assays with recombinant IDO (IC50 67nM) but more importantly also 

inhibited endogenous IDO in assays with HeLa cells (IC50 19nM). Furthermore, it also 

inhibited kynurenine production and suppressed melanoma growth in C57BL/6 mice, 

making it the most promising inhibitor to date.207 Additionally, the efficacy of 

hydroxyamidine-based inhibitors has been further studied in non-rodent species and in 

colon and pancreatic carcinoma models, in which the inhibitor suppresses kynurenine 

production in plasma, tumours and lymph nodes without apparent toxicity to the 

animal.208 Although these inhibitors appear the most potent so far, we decided to look 

for IDO inhibitors within compounds that are already produced in the cell. 

Given the similar structures of many of the intermediates in the kynurenine pathway209, 

and the mode of binding of 4-phenylimidazole in the IDO active site as revealed by 

crystallographic analyses139, our strategy was to screen for potential IDO inhibitors 

including the downstream metabolites of tryptophan. If any were identified, they may 

guide the design of new inhibitors and give information on possible inhibitory feedback 

mechanisms within the cell. In this chapter I will describe the IDO inhibitory properties 

of the tryptophan metabolite 3-hydroxyanthranilic acid (3-HAA) in vitro and in vivo and 

reveal that 1-methyl tryptophan can function as a substrate for IDO in addition to its 

inhibitory properties. 
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2.2 Materials and methods 
 

2.2.1 Mice and inhibitor screen compounds 
 

C57BL/6 mice were bred in the Biomedical Services Unit, John Radcliffe Hospital, and 

used for in vivo experiments under the authority of a U.K. Home Office Project Licence.  

Antibodies (anti-mouse CD4, CD8 and CD3) were from eBioscience; flow cytometry was 

performed on a FACScalibur device using CellQuestPro software. 3-hydroxyanthranilic 

acid (3-HAA), L-tryptophan, D-tryptophan and 1-MT (D, L and D/L) were from Sigma 

Aldrich. The Zorbax SB-C18 column used for HPLC was from Agilent Technologies, USA.  

The other tested compounds were obtained from Sigma-Aldrich (2,4,5,10,12,19,22,23), 

Alfa Aesar (1,3,7,8,9,11,13,14,17,21,24,25,26,27,28,29), TCI Europe NV (6), Acros 

Organics (15), Maybridge (18), and Apollo Scientific (20). Compound 16 was 

synthesized from 3-carbomethoxy-1,2,3,4-tetrahydroisoquinoline-1,4-dione. Ethyl ester 

3-HAA, monoacetylated 3-HAA and diacetylated 3-HAA were synthesized from 

commercially available 3-HAA (by Jasmin Mecinovic, University of Oxford). 

 

2.2.2 Cell culture 
 

The mouse T cell lymphoma line EG7 had been made in our laboratory by transfecting 

EL4 cells with a complete copy of the chicken ovalbumin (OVA) mRNA and the 

neomycin (G418) resistance gene. The EG7 cells constitutively synthesise and secrete 

OVA and are therefore useful in being able to activate cells that recognise the protein. 

This ability was used in later chapters where T-cells from OT-I mice that are transgenic 

for the OVA peptide 257-264 were stimulated by EG7 cells. EL4 cells by comparison are 

unable to stimulate the T-cells and were used as negative controls.  

The EG7 cells were maintained in complete RPMI 1640 medium (Sigma) (containing 

10% foetal calf serum (FCS, from Sigma), 2-mercaptoethanol (50 µM), 50 U/ml 

penicillin and 50 µg/ml streptomycin) and 0.4mg/ml G-418.  Where appropriate, the 
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EG7 cells were cultured in tryptophan-free RPMI 1640 (HyClone) containing the same 

additives as above. The human cervical cancer cell line HeLa was maintained in 

complete MEM (containing 10% FCS, 50 U/ml penicillin and 50 µg/ml streptomycin 

and non-essential amino acids (1% v/v). The human acute monocytic leukaemia cell 

line THP-1 was maintained in RPMI 1640 medium supplemented with 10% FCS, 50 

U/ml penicillin and 50 µg/ml streptomycin, 1% v/v non-essential amino acids, and 

1mM sodium pyruvate. The mouse monocytic leukaemia cell line RAW was maintained 

in RPMI 1640 + 10% FCS + 50 U/ml penicillin and 50 µg/ml streptomycin. 

 

2.2.3 Recombinant human IDO in pET21b vector 
 

Full-length human IDO cDNA had been cloned earlier into pET21b expression vector by 

Samira Lakhal (University of Oxford). The cDNA had been amplified from IFN-γ -treated 

THP-1 with the following oligonucleotides:  

Forward: 5’ AAT GAT CAC CAC CAT GCA CAC GCT ATG G 3’ 

Reverse: 5’ GCC TCG AGT TAA CCT TCC TTC AAA AGG GAT TTC 3’ 

and for ligation to the vector, digested overnight at 37oC with XhoI and NheI restriction 

enzymes (NEB).  

 

2.2.4 Cloning of IDO into pET15b vector 
 

Full-length IDO cDNA was amplified from pET21b-IDO plasmid with the following 

primers both containing an XhoI restriction site: 

Forward: 5’- GAA AAC TCG AGA TGG CAC ACG CTA TGG AA  

Reverse: 5’- GAA AAC TCG AGT TAA CCT TCC TTC AAA AGG G 
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A proofreading DNA polymerase was used (Phusion, Finnzymes) and the cycling 

conditions were as follows: 2 min at 95 oC, [30s at 95 oC, 15s at 57 oC, 30s at 72 oC] x30, 

5 min at 72 oC. 

The pET15b plasmid was digested with XhoI (New England Biolabs) together with 

shrimp alkaline phosphatase (SuperSAP, USB) to prevent vector self-ligation. Ligation 

was done with a 1:14 ratio of vector and insert, respectively, at room temperature for 3 

hours. 

To check the orientation and identity of products, PCR was performed with the 

following vector- and insert-specific primers: 

Vector-specific (FWD): 5’- GAA GGA GAT ATA CCA TGG 

Insert-specific (REV): 5’- CCA GTT TCT TGG AGA GTT GGC 

Finally, for identity confirmation positive samples were sequenced by the DNA 

sequencing service in the WIMM, University of Oxford. 

 

2.2.5 Expression and purification of recombinant human IDO 
 

IDO in both vectors was expressed in BL21 cells. Cultures were grown until optical 

density reached 0.6 at which point the production of IDO was induced with 500µM of 

Isopropyl β-D-1-thiogalactopyranoside (IPTG). In addition the heme precursor 5-

aminolevulinic acid was added at 500µM. The induced cultures were then grown 

overnight. To purify IDO from the bacterial cells, the cultures were spun at 3500 rpm for 

30 min. The pellets were resuspended in 10mM imidazole containing 1 tablet of EDTA-

free protease inhibitor (Roche) and 1mg of DNase I (Sigma). The suspension was then 

sonicated to break the bacterial cells. The suspension was then centrifuged at 10 000g 

for 30 min and the supernatant injected into a HisTrap column (both plasmids contain a 

histidine tag). The nickel column-purified IDO was then further purified by FPLC 

(HiLoad 26/60, Superdex 75 column) and the fractions run on 12% SDS-PAGE. 



 48 

2.2.6 Measurement of IDO activity 
 

2.2.6.1 IDO activity in cell culture 
 

Tryptophan and kynurenine concentrations in cell supernatants were measured by 

HPLC. Briefly, supernatants were treated with 30% (w/v) trichloroacetic acid and 

centrifuged at 10000 g for 30 minutes before injecting into a Zorbax SB-C18 column 

(Agilent Technologies, USA) on an HPLC system with variable wavelength detector. 

Kynurenine was detected at a wavelength of 365 nm and tryptophan at 280 nm. 

 

2.2.6.2 IDO activity in cell lysate 
 

1x106 cells were lysed by freeze/thawing and spun at 10000g for 10 min and the clear 

lysate was mixed with incubation medium (100 mM potassium phosphate buffer pH 

6.5, 40 mM ascorbic acid, 20 μM methylene blue, 200 units/ml catalase and 

with/without different concentrations of tryptophan) and kept at 37oC for 1 hour 

before addition of 30% (w/v) Trichloroacetic acid (TCA). The samples were then 

incubated for 30 minutes at 50 0C. The concentration of kynurenine was measured as 

previously described.  Concentrations were normalized to protein concentration in 

lysate (as measured by Nanodrop, Thermo Scientific, USA). 

 

2.2.6.3 Recombinant human IDO activity 
 

To measure the catalytic activity of recombinant human IDO, 200 ng of the purified 

protein was added to 100 μl of the incubation medium containing tryptophan and 

assayed as described above. To assess the effect of different compounds on IDO activity 

they were added at 1 mM. IDO enzyme kinetics was done over 3 minutes when less 

than 25% of substrate had been used. For 3-HAA inhibition curves tryptophan was 

used at 5, 10, 20, 50, 100, 250 and 400 µM and 3-HAA at 0, 10, 50, 100 and 400 µM. For 

Michaelis-Menten curves with 1-MT (L), 1-MT (D), L-Trp and D-Trp, they were used at 
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0, 5, 20, 50, 100, 200 and 400 µM. IDO activity is shown as specific activity (µmole 

kynurenine/mg IDO/hour or µmole kynurenine/mg IDO/min). 

 

2.2.7 Crystallisation of recombinant human IDO in the presence or absence of 
inhibitors 
 

Crystal screening was attempted with both plasmids as follows: 

pET21b-IDO:  

- His-tag cleaved with carboxypeptidase, 12 mg/ml. (Screens 1 (Hampton CS1 and 

CS2), 2 (Wizard I and II), 3 (Hampton PEG/Ion, P6k, AmSoI), 4 (Hampton Natrix, 

CS Cryo), 5 (P/Li, NaCl, MPD, Quik), Index and a custom screen). These were co-

crystal screens with either 3-HAA or 1-MT (L). 

- Uncleaved, 10.5 mg/ml in 10 mM MES, 25 mM NaCl pH 6.5. Screens 1, 3, P, Index 

and custom. Co-crystal screens with either 3-HAA or 1-MT (L) and one with 

protein only (custom screen) 

- Uncleaved, 9.1 mg/ml in MOPS 25 mM, 25 mM NaCl, pH 7.5. Screens 1,2,3,4,5, 

SRX, P, Index. Co-crystal screens with 1-MT (L), 1-MT (L)+3-HAA, or protein on 

its own. 

- Uncleaved, 12.5 mg/ml in 25 mM MOPS, 25 mM NaCl, pH 7.5. Optimisation 

screen from a condition previously found to have formed a potential crystal. IDO 

on its own. 

 

pET15b-IDO: 

- Cleaved with thrombin, 8 mg/ml in 50mM Tris-HCl, 10mM CaCl2, pH 8. Screens 

1,2,3,4,5, and Index. Co-crystal screening with 3-HAA+”Incubation media” and 

protein only. 
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2.2.8 Induction and measurement of IDO activity in vivo 
 

Effects of 3-HAA on thymocytes: Mice were immunised intraperitoneally (i.p.) with 

different doses of 3-HAA daily over 4 days and weighed. At the end of the experiment 

thymocytes and splenocytes were stained with antibodies against CD4, CD3 and CD8 

and analyzed by flow cytometry, gating on propidium iodide negative (live) cells. 

Kynurenine measurement in the sera of mice injected with LPS: C57BL/6 mice were 

injected intraperitoneally (i.p.) with a vehicle (6 mice) or 3mg/mouse of 3-HAA pH 8 (6 

mice) on day -1. On day 0, 3 mice were given a vehicle injection, 3 mice LPS 

(20µg/mouse), 3 mice 3-HAA (3mg/mouse), and 3 mice were injected with both LPS 

and 3-HAA at the above concentrations. On day 1 the mice were bled and sacrificed and 

their spleens removed. The sera were measured for kynurenine and tryptophan levels. 

The serum was treated with 30% w/v TCA before injecting into the HPLC. We also 

counted and stained the splenocytes for maturation marker CD86 and B-cell marker 

B220 and saw that LPS had induced upregulation of CD86 and that 3-HAA did not affect 

the maturation on its own or with LPS (data not shown). 

EG7 tumour experiment with 3-HAA injection for kynurenine detection: C57BL/6 were 

injected subcutaneously with 5x105 cells with either EG7 OVA wt (6 mice), EG7 OVA 

GFP (6 mice) or EG7 OVA IDO+ (6 mice). The tumours were grown for ten days and 

their sizes were measured regularly. On day 10 three mice in each group received an 

injection of PBS and the other three mice 3-HAA (3 mg/mouse i.p.). On the same day, 

prior to the injections, the 6 mice in each group were bled for serum kynurenine and 

tryptophan measurements (these are “before injection” measurements in Figure 12). 

The mice were bled for serum kynurenine and tryptophan measurements by HPLC 

analysis prior to and one day after injection. 
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2.2.9 Measurement of H2O2 concentration in a reaction containing 3-HAA 
 

Hydrogen peroxide produced in either cell culture supernatant, cell lysate supernatant 

or assay buffer for the recombinant IDO was measured with an H2O2 fluorimetric 

detection kit from Assay Designs/Stressgen according to the instructions. In the 

recombinant IDO assay buffer, 3-HAA (and 1-MT (L) as a control) was titrated at 0 µM, 

10 µM, 40 µM, 100 µM, 200 µM, 500 µM and 800 µM. Volumes of PBS, DMSO, and 

incubation media were kept constant in each sample, as at least PBS can affect the 

fluorescence readings. The samples were incubated for 1 hour at 37oC after which the 

H2O2 was measured as per kit instructions. 

 

2.2.10 Molecular modelling studies of IDO inhibitors 
 

Targeting a 10Å radius sphere on top of the heme iron in the IDO active site, the 

programme Genetic Optimization for Ligand Docking (GOLD)210 was used to dock IDO 

ligands. 3D coordinates (SYBYL mol2 files) of these ligands were generated using the 

PRODRG server.211 Hydrogen atoms were written out for accurate ligand docking. The 

Goldscore or ASP scoring function was used to evaluate and rank the efficacy of docking. 

To validate these results, docking of phenylimidazole was also performed and 

compared with the known co-crystal structure of IDO (PDB ID: 2d0t).  
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2.3 Results 
 

2.3.1 1-methyl tryptophan (L) inhibits IDO but is a weak substrate in tryptophan-
free conditions 
 

To date 1-methyl tryptophan (L) is mostly known as a competitive IDO inhibitor with a 

Ki of 19 µM in assays with recombinant IDO.191 We confirmed this by performing an in 

vitro inhibition assay with recombinant human IDO. The assay was run for 3 minutes 

after which the kynurenine produced was measured and the results plotted in 

GraphPad Prism. Of all available curve fitting methods for enzyme inhibition, the best 

was achieved with the competitive inhibition model, agreeing with published data. 195 

To confirm the results, the data was also plotted into a Lineweaver-Burk double 

reciprocal plot, which shows the characteristic fit for a competitive inhibitor (each 

inhibitor concentration curve converging at the y-axis, Figure 1B). The lowest 

tryptophan concentrations (5 and 10 µM) were omitted from the double-reciprocal plot 

due to the insensitivity of the HPLC-based detection method at measuring very low 

kynurenine levels which subsequently results in skewing of the results. In our hands 1-

MT (L) gave a Ki value of 73 µM which is higher than published values191 (Figure 1 A and 

B). 

Due to noticing kynurenine production in a control enzyme assay with 1-MT (L) and no 

tryptophan, we wanted to investigate the possibility that 1-MT (L) is also an IDO 

substrate. 1-MT (L) was subsequently found to be a weak substrate for IDO in Trp-

deficient conditions (Figure 1C). The conversion rate was too slow to allow reliable 

enzyme kinetic measurements. The results shown here represent conversion of 1-MT 

(L) into kynurenine over one hour. Further examination of IDO kinetics with 1-MT (L) 

as the substrate were hindered by the stock 1-MT (L) containing a considerable amount 

of tryptophan (Figure 1D). The amount of tryptophan is roughly 20% of the stock 1-MT 

(L). This may have been due to spontaneous conversion of 1-MT (L) into tryptophan 

over time or contamination during production. Therefore any experiment done with 1-

MT (L) as an IDO substrate had to be done with purified 1-MT (L). The purification 

procedure was performed by Katalin di Gleria (WIMM, University of Oxford) by liquid 
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chromatography-mass spectrometry (HPLC-MS). The purified 1-MT (L) had to be used 

instantly as we noticed conversion of 1-MT (L) into tryptophan even after freezing the 

sample in -20 oC (data not shown). The results shown in Figure 1C were obtained with 

pure 1-MT (L) and the absence of tryptophan was confirmed by HPLC.  

 

2.3.2 Inhibitor screen with recombinant human IDO 
 

Since 1-MT (L) is not a very efficient IDO inhibitor, we focussed on screening a small 

library of inhibitors similar to tryptophan and its metabolites for potential IDO 

inhibition. Previously in our laboratory, 3-hydroxyanthranilic acid (3-HAA) had been 

found to be a 5-8-fold stronger inhibitor than 1-methyl tryptophan (L) in assays with 

purified IDO (DPhil thesis, Samira Lakhal). Considering that 3-HAA is a downstream 

metabolite of tryptophan, we screened other metabolites of the kynurenine pathway for 

inhibition and possible feedback loops - picolinic acid (1), quinolinic acid (2), kynurenic 

acid (12), and xanthurenic acid (13) (Figure 3). Other molecules similar to their 

structures were also included. In order to identify which chemical group(s) of 3-HAA is 

important for its inhibitory activity compounds 20-23 were included in the screen. 

Structures of all the screened molecules are listed in Figure 3.  

 

Only 3-HAA (compound 19) and methyl 2-aminopyridine-4-carboxylic acid (MAPC, 

compound 14) showed potent activity at 1mM (Figure 2A). Consequently the screen 

was further extended to include six MAPC -like molecules to identify important groups 

for its activity (compounds 24-29, Figure 2B). Of this screen only compound 29 showed 

any significant activity and was taken to cellular assays together with 3-HAA and MAPC. 

It also revealed the potential importance of the hydroxyl and amine group position in 3-

HAA since none of the modified molecules showed similar activity.  
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2.3.3 IDO enzyme kinetics in the presence of 3-HAA 
 

As 3-HAA emerged as the strongest inhibitor candidate, further characterisation of its 

mode of inhibition was performed. To identify the optimal pH for IDO activity, a pH 

screen with and without catalase was performed. Catalase is a component of the media 

that is used to keep IDO in an active state in in vitro assays by providing it with O2 and 

removing H2O2 that has IDO inhibitory properties.212 pH 6-6.5 was found to be optimal 

for IDO activity and this range was used in all experiments (Figure 4A). A 3 minute time 

point was chosen for the kinetic experiments as it was still practical, and it was the 

point by which only 25% of the lowest concentration of substrate (5µM) had been used, 

making it unlikely that tryptophan would be limiting and skewing the results (Figure 

4B). To identify how 3-HAA inhibits IDO, inhibition assays were performed.  

 

After trying out all the available curve fittings, the best fit is achieved with a mixed-

model of inhibition, even though non-competitive and uncompetitive models fit almost 

as well as measured with GraphPad Prism 5.0 (Figure 4C illustrates the mixed model 

fitting but the other two options showed a similar fitting). When these data were plotted 

in the double-reciprocal Lineweaver-Burk plot, the results indicate irreversible binding 

as it is the only option for a fitting where none of the lines converge in a single point but 

rather criss-cross each other (Figure 4D).   

                  

To further examine whether the binding of 3-HAA to IDO is irreversible, a competition 

assay was performed where IDO and 3-HAA were first incubated together for 10 min at 

room temperature followed by the addition of tryptophan in the incubation media (1 

hour in 37 oC). If the binding was reversible, the added tryptophan should displace the 

bound 3-HAA and result in increase of kynurenine compared to no tryptophan or lower 

tryptophan concentrations. There was, however, no increase in kynurenine with higher 

concentrations of tryptophan, indicating that the binding is indeed irreversible (Figure 

4E). 
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2.3.4 3-HAA activity in cellular assays 
 

Cellular assays with 3-HAA were run alongside the kinetic experiments. First, we 

wanted to examine the effect of 3-HAA, MAPC and compound 29 on the kynurenine 

production in IDO+ cells. EG7 OVA IDO+ cells were incubated for 48h starting with 

5x105 cells. In the case of measurements from the supernatants, the cells were 

incubated in the presence of 500 µM of inhibitor and after 48h the supernatant was 

analysed on HPLC. The lysate assay was performed similarly with the exception that 

there was no inhibitor present during the 48h cell incubation but it was added after the 

lysis of the cells together with the incubation media. In this case 1 mM of each inhibitor 

was used.  

 

When the inhibition is measured by the amount of kynurenine in the supernatants, 1-

MT (L) inhibits kynurenine production by 50% and 3-HAA and MAPC about 30%. The 

inhibition by 3-HAA was not as strong, however, as previously reported (80%, from 

DPhil thesis by Samira Lakhal), but it was still statistically significant. Compound 29 

does not have an effect (Figure 5A). In the cell lysate –based assay 3-HAA and 

compound 29 inhibit better, both around 60% and MAPC even more (80%, Figure 5B). 

1-MT (L) inhibits IDO activity around 40%. Because compound 29 did not have an effect 

on the kynurenine levels in the supernatant, further characterisation was not pursued. 

MAPC was further analysed in kinetic assays with rhIDO but it proved a very weak 

inhibitor with 40% inhibition seen only at 400 µM (data not shown). For this reason, 

MAPC was also left out of further testing. 

 

As 3-HAA was still the strongest inhibitor we had found, we wanted to see whether the 

inhibitory effect of 3-HAA in mouse and human whole cells and cell lysates is dose-

dependent. The cells for the supernatant measurement were treated for 48h with 3-

HAA concentrations ranging from 10-400 µM. To take into account the possibility that 

3-HAA does not get into the cells to exert its effect, the cells for the lysate assay were 

now co-incubated for 48h with the inhibitor. After 48h the washed cells were lysed and 
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the reaction started with the addition of incubation media without any additional 

inhibitor. If any inhibition was seen, it should therefore have been caused by the 

inhibitor inside the cell. The assays were started with 5x105 cells/well in the case of 

HeLa cells and 1x106/well with EG7 cells.  

 

There was no inhibition of kynurenine production in either EG7 or HeLa supernatants 

(Figure 6A and B). In the EG7 lysates, the inhibition by 3-HAA is dose-dependent, but 

there is no inhibition in the HeLa lysates (Figure 6C and D). Surprisingly, in the EG7 

lysates, 1-MT (L) causes an increase in kynurenine concentration, which is unexpected 

considering that it is a well-known IDO inhibitor. A possible reason for this could 

tryptophan transport inhibition by 1-MT (L), which has been observed in our laboratory 

by others. This could then cause accumulation of kynurenine inside the cells that is then 

released on cell lysis. HeLa wild type cells were also treated with IFNγ to see if 3-HAA 

has an effect on the induced endogenous IDO. There was only around 40% inhibition at 

400µM, indicating that 3-HAA is no more effective against endogenous IDO (Figure 6E). 

To investigate the discrepancy between the results from the whole cell assay and the 

lysate assay, we investigated the possibility that 3-HAA cannot get into the cell from the 

culture medium. To do that, EG7 cells were incubated with various concentrations of 3-

HAA for 48h and then lysed and the 3-HAA concentrations measured from the lysates. 

The 3-HAA concentration inside the cells is measurable, even though the levels are 

considerably lower than what was initially added (Figure 6F). This indicates that 3-HAA 

can cross the cell membrane suggesting that the lack of inhibition in the whole cell assay 

cannot be attributed to the inaccessibility of 3-HAA to the cytoplasm. 

 

Due to the discrepancy between the results from the assays with the pure recombinant 

enzyme and the whole cell assays, we wanted to investigate the possibility that 3-HAA is 

not in high enough levels inside the cells to inhibit IDO. To facilitate a more efficient 

crossing of the cell membrane, more hydrophobic versions of 3-HAA were examined. 

Ethyl ester 3-HAA, monoacetyl 3-HAA and diacetyl 3-HAA were synthesised from 

commercial 3-HAA by Jasmin Mecinovic for us (Department of Chemistry, University of 
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Oxford). EG7 cells were incubated for 48h in the presence of the inhibitors, which were 

added at 500 µM. Ethyl ester 3-HAA was added at 100 µM because of its toxicity to cells 

at higher concentrations (data not shown). Both mono- and diacetyl 3-HAA molecules 

showed significant activity in cell lysates and the reduction of kynurenine levels was 

also measurable in the supernatants suggesting that these molecules may be worth 

investigating more (Figure 7A and B). They also inhibited the recombinant human IDO 

significantly, but not as well as 3-HAA (Figure 7D). 

               

2.3.5 IDO inhibition by 3-HAA possibly mediated by H2O2 production 
 

Although it is possible that the lack of IDO inhibition by 3-HAA in the whole cell assays 

was due to its limited ability to cross the cell membrane, we wanted to further examine 

its inhibitory mechanism. To investigate the possible irreversible binding of 3-HAA into 

IDO, a mass spectrometry analysis was performed with MALDI-TOF and electrospray 

ionisation (Katalin di Gleria, University of Oxford). The samples were also trypsin-

digested in an attempt to identify the location of the binding. There were, however, no 

differences in the sizes of the fragments between the pure enzyme and the enzyme 

treated with 3-HAA, indicating that irreversible binding does not occur (data not 

shown). The enzyme was also analysed undigested and again no differences were found. 

Furthermore there was no difference in size in the prosthetic heme group between the 

enzyme only and the enzyme+3-HAA samples. These results suggest that there must be 

an alternative explanation as to the variable IDO inhibition 3-HAA displays in different 

assays. We looked at the possibility of 3-HAA down-regulating IDO expression at mRNA 

level, but this was not the case (Figure 8A). 

An online search for chemical reactions involving 3-HAA revealed that on reacting with 

O2, 3-HAA can auto-oxidise to produce H2O2 as a by-product (EMBL-EBI, e.g. reaction 

RHEA: 17246). This has also been reported by Dykens et al.213 Hydrogen peroxide is a 

known inhibitor of IDO212 so we wanted to investigate whether this could be the cause 

for the IDO inhibition in assays with the pure enzyme and cell lysates. It is plausible as 

both of these assays involve the use of the IDO activating incubation media where 
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molecular oxygen is produced from H2O2 by catalase. H2O2 in turn is produced by the 

reaction between ascorbic acid and methylene blue.214 IDO is functional at the H2O2 

concentration that is produced from that reaction but if excess H2O2 is introduced as a 

by-product of 3-HAA, it is possible that the turnover rate of catalase is not sufficient to 

prevent H2O2 from blocking IDO activity. This IDO inhibition can then appear as 

irreversible because the catalase is limiting. 

The first experiment to see whether H2O2 is indeed the “inhibitor”, involved titrating 

catalase into cell culture containing 3-HAA at a concentration known to kill at least 50% 

of the cells. If the cells survive and the death percentage is smaller with catalase, the 

death is likely to be caused by H2O2, which is now broken down by catalase. Indeed, the 

percentage of live cells doubled at both 3-HAA concentrations (500 µM and 1 mM) 

when catalase was introduced (Figure 8B). The introduction of catalase also improved 

the ability of the cells to proliferate and this was clearly seen at the lower 3-HAA 

concentration where the cells without catalase would not proliferate significantly (assay 

was started with 5x105 cells) but would if catalase was present (Figure 8C). In order to 

get a definite answer as to the presence of H2O2 in the assays involving the incubation 

media, the concentration of H2O2 was directly measured in an assay with rhIDO. The 

presence of IDO did not have an effect on the amount of H2O2 present as expected (not 

shown), and catalase decreased it by a small amount (Figure 8D). It is clear, however, 

that there is a large amount of H2O2 produced when 3-HAA is present, making it very 

likely that it is H2O2 that causes the inhibition of IDO and not 3-HAA directly. 

              

2.3.6 IDO in THP1 cells is inhibited by 3-HAA via radical oxygen species 
 

Following the finding that 3-HAA potentially reacts with components of the incubation 

media, and in particular O2, we wanted to study the possibility that 3-HAA could inhibit 

IDO in cells that produce radical oxygen species, such as O2- when activated. Therefore 

we decided to study its effects on IDO in macrophages, using the monocytic leukaemia 

cell line THP1 as the human model and the mouse equivalent cell line RAW as the 

mouse model. First we wanted to establish which maturation cocktail produced the 
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highest IDO activation when measured by kynurenine production. THP1 cells produced 

the highest amount of kynurenine when matured with 1000 u/ml of IFNγ and 200 

ng/ml LPS (Figure 9A). In order to make sure that the immature THP1 cells were 

completely matured so as to produce radical oxygen species, we chose to use the 

combination of IFNγ, LPS and phorbol myristate acetate (PMA, 16 nM) as the 

maturation cocktail in the future experiments. That produced a high enough kynurenine 

concentration to measure for potential inhibition. The mouse RAW cells did not produce 

any kynurenine before or after the addition of IFNγ and LPS, so those cells could not be 

studied further (Figure 9B). 

THP1 cells were then further examined with a range of 3-HAA concentrations. 

Kynurenine production in THP1 cells that had been stimulated with only IFNγ and LPS 

was unaffected by all 3-HAA concentrations (Figure 9C). There was, however, a small 

reduction in the kynurenine concentration in THP1 cells that had received IFNγ, LPS 

and PMA treatment, and 3-HAA at 200 µM. This was a positive indication that the ROS 

produced by mature THP1 can interact with 3-HAA and form H2O2 which then inhibits 

IDO. This was further studied by increasing the 3-HAA concentrations, which dose-

dependently reduced the kynurenine concentrations in the media (Figure 9D). 3-HAA is, 

however, known to be toxic to the cells from around 200 µM upwards, making it 

necessary to ascertain whether the kynurenine reduction was due to cell death. The 

effect of 3-HAA on the cells was visible under the microscope where the normally plate-

bound mature macrophages, started floating when 3-HAA was added at high enough 

concentrations. The floating cells were collected and stained with trypan blue to 

determine whether they were dead or alive. The floating cells in the sample with 

activated THP1 but no 3-HAA, the floating portion was predominantly dead cells (Figure 

9E). In the samples containing 3-HAA, this portion consisted around 50% or more of 

live cells, suggesting that 3-HAA at least had a significant effect on the phenotype of the 

THP-1 cells, so that, even if they were not dead or dying, their kynurenine production 

capacity may have been adversely affected.  
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2.3.7 In vivo activity of 3-HAA 
 

Considering that 3-HAA may inhibit IDO in the presence of ROS –producing 

macrophages, we wanted to investigate whether it was possible to measure kynurenine 

in the mouse sera after LPS injection or with IDO+ tumours, and whether exogenous 3-

HAA would affect its levels. Previously it had been reported that 3-HAA (and other 

tryptophan metabolites from within the kynurenine pathway such as quinolinic acid) 

are toxic to thymocytes in vitro and in vivo.215 We injected C57BL/6 mice with 20 or 200 

mg/kg 3-HAA intraperitoneally (i.p.) once a day for 4 days. The lower dose was similar 

to that reported previously.215  

The weight of the mice did not change during the course of the experiment (Figure 

10D). On day 5, thymocytes and splenocytes from the mice were counted and stained 

with antibodies against CD4, CD8 and CD3, then analyzed by flow cytometry, gating on 

propidium iodide negative (live) cells (Figure 10A and B). The proportions of CD4+, 

CD8+ or double positive thymocytes in each group were similar, indicating little effect 

by 3-HAA on thymocytes (Figure 10B). Similar data were seen with splenocytes (Figure 

10A). These data contrast with a 45% reduction in CD4+/CD8+ thymocytes previously 

reported.215 In our study, little effect was seen in the total thymic cell numbers with 

either dose of 3-HAA compared with the vehicle group (Figure 10C), compared with 

the 75% reduction previously reported.215 A small reduction in the number of 

splenocytes was observed with the highest dose of 3-HAA (Figure 10C). These data 

suggest that, at least by i.p. injection, administration of 3-HAA does not have a 

deleterious effect on naïve lymphocytes in vivo.  

After establishing that 3-HAA is not as toxic to thymocytes in vivo as reported, we 

wanted to see whether a reduction by 3-HAA in the serum kynurenine levels could be 

measured when endogenous IDO was induced in LPS matured DCs in vivo. There was an 

increase in kynurenine levels in the sera in mice injected with LPS, but no reduction 

when 3-HAA was used in conjunction with LPS (Figure 11A). Tryptophan levels did not 

vary considerably between the groups. We also tried measuring 3-HAA in the sera but 
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due to its similar retention time in the C18 HPLC column with an unknown component 

in the serum, we were unable to measure its concentration reliably. 

We then went on to study whether a significant increase could be detected in the serum 

kynurenine levels in mice that had been injected with IDO+ tumour cells. If detectable, it 

would enable us to test the efficacy of 3-HAA and/or other inhibitors on these tumours 

and on the kynurenine levels in the serum. C57BL/6 mice were injected subcutaneously 

with 5x105 cells of EG7 OVA wt, EG7 OVA GFP-transfected or EG7 OVA IDO-transfected 

cells and the tumours were grown for 7 days. On day 8 the sera were run on the HPLC. 

There was a significant increase in kynurenine levels in the sera of mice with IDO+ 

tumours (Figure 11B) and tryptophan levels did not change significantly between the 

groups. 

Following the finding that IDO+ tumours produce a measurable increase in the 

kynurenine levels in the sera compared to IDO- tumours, we tried to see whether we 

could see a reduction in kynurenine levels when the mice had IDO+ tumours and were 

given 3-HAA. In addition to the difficulties in detecting 3-HAA in the serum, the tumours 

did not grow consistently within the groups (Figure 12A). Tumours that did not grow 

were GFP+PBS (GFP 3 in Figure 12A), GFP+ 3-HAA (GFP 4), IDO+ +3-HAA (IDO+ 2), and 

IDO+ +PBS (IDO+ 4 and 5) and these were left out of the analysis to prevent false 

negative/positive results. We were, nonetheless, able to measure kynurenine and 

tryptophan levels in the blood of the tumour-bearing mice before and after PBS and 3-

HAA injections.  

The levels of kynurenine in mice injected with IDO+ tumour cells were significantly 

higher than in mice injected with IDO- tumours, therefore agreeing with our previous 

results (Figure 11B). There was, however, no reduction in kynurenine levels in mice 

with IDO+ tumours injected with 3-HAA, indicating that any inhibition by 3-HAA cannot 

be seen with this method. Tryptophan levels did not vary significantly between the 

groups. Overall, IDO+ tumours increase the levels of kynurenine in the serum 

consistently but the addition of 3-HAA does not decrease them. As we cannot, however, 

be certain of the levels of 3-HAA in the serum because of the difficulties with measuring 
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it, we cannot be sure whether it has reached the bloodstream in high enough 

concentration to have any effect on IDO. 

 

2.3.8 Purification and crystallisation of IDO 
 

The premise that 3-HAA is a potent IDO inhibitor warranted structural work with IDO. 

All this was done prior to the finding that IDO inhibition by 3-HAA may be mediated by 

H2O2. We tried crystallisation with IDO in both pET21b and pET15b vectors. In both 

cases, the protein was expressed in BL21 cells and was purified successfully (Figure 

13A and B). The full length human IDO had initially been cloned into a pET21b vector 

and this was used for initial crystal screening. Only one possible protein crystal was 

obtained from these screens, which included co-crystallisation with 3-HAA and/or 1-MT 

(L) or the enzyme alone. The possible crystal was IDO only in a reservoir solution 

containing 20% w/v PEG 6000, 100 mM MES pH6 and 10 mM ZiCl. No inhibitor was 

present. The needle crystal was, however, too small for diffraction studies and further 

attempts with similar conditions failed to produce more crystals. The pET21b vector did 

not contain a specific a cleavage site for the histidine tag and therefore all screens were 

performed with the uncleaved protein. In order to cleave the His-tag off and to emulate 

the conditions in which IDO has previously been crystallised in, it was cloned into the 

pET15b vector, which contains a thrombin site for his-tag cleavage. One attempt has 

been made with the cleaved IDO from this construct but no protein crystals were 

formed. We attempted co-crystals with 3-HAA and crystals with apo-enzyme. 

As we have not been able to get diffractive crystals of IDO alone or with either 3-HAA or 

1-MT (L), we went on to do in silico modelling using the available crystal structure of 

IDO and these molecules. This was done with the generous help from Thomas Bowden 

of the Structural Biology group at the University of Oxford. We docked the already co-

crystallised inhibitor 4-phenylimidazole as the control and modelled tryptophan and 1-

MT (L) binding similarly. The molecules docked in the active site perfectly but as we 

could not co-crystallise IDO with 1-MT (L), the binding cannot be confirmed. 3-HAA also 

docked in the active site but this is probably not its real position considering that it does 



 63 

not inhibit IDO directly. Although, it may be feasible that 3-HAA was in the active site 

and the H2O2 was formed while it was there reacting with the molecular oxygen bound 

to the heme group. This would have to be confirmed with a co-crystal of IDO and 3-HAA 

which we unfortunately were not successful in obtaining.  
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2.4 Discussion 
 

In this chapter we have studied the characteristics of the tryptophan metabolite 3-

hydroxyanthranilic acid (3-HAA) as an IDO inhibitor. 1-methyl tryptophan in its racemic 

mix or as the L-isomer is the most well known and used IDO inhibitor. It is not, however, 

very potent with a published Ki of 19 µM for L-isomer and 35 µM for the racemic mix.191 

It also has the added problem of inhibiting tryptophan transport in the cell, thus 

interfering with the essential amino acid’s normal uptake into the cell.199 We have also 

discovered that 1-MT (L) is a slow IDO substrate further highlighting the need for better 

IDO inhibitors. The fact that 1-MT (L) is an IDO substrate was concurrently with our 

work discovered and published by Chauhan et al. who calculated a Km of 150 µM with 

the purified 1-MT (L) using human recombinant IDO.138 In our experiments we could 

not calculate a Km as the production of (methyl-)kynurenine did not reach a plateau in 

our setting. We were able to measure the Km of tryptophan which was 5-fold lower than 

that of 1-MT (L) at 29 µM so Chauhan et al. results with 1-MT (L) seem plausible, 

however they succeeded in reaching a plateau between 400-600 µM 1-MT (L) whereas 

in our assay the product formed linearly up to 2 mM, which was our highest 1-MT (L) 

concentration. 

There are various IDO inhibitors available whose Ki are in the nanomolar or even 

picomolar range, but these have either limited usability in whole cells because of 

problems crossing the cell membrane, or they are complex to extract and have not been 

tested further yet.203 Therefore we were interested in looking at IDO metabolites and 

their derivatives for potential in IDO inhibition. 3-HAA had been previously identified in 

our laboratory by Samira Lakhal in her thesis as a candidate but we wanted to examine 

its inhibitory characteristics more closely. With the knowledge that 3-HAA inhibited 

recombinant human IDO, we compiled a screen that included compounds similar in 

structure. Some of them are other tryptophan metabolites. The idea that 3-HAA would 

be a potent IDO inhibitor raised the interesting possibility that the tryptophan 

metabolites would be able to form a negative feedback loop regulating tryptophan 

consumption. The premise was good and we went on to look at the kinetics of 3-HAA –

mediated inhibition more closely. Previously in preliminary kinetic assay, 3-HAA had 
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been identified as a competitive inhibitor (DPhil thesis, Samira Lakhal). In our assays, 

we increased the selection of 3-HAA concentrations and tryptophan concentrations in 

order to maximise the accuracy of the results. We also identified an appropriate time 

point for the kinetic assay so as to prevent the lowest substrate concentrations from 

becoming limiting. We were able to analyse the kinetics and after many repeats and 

curve fittings, we came to the conclusion that the inhibition mode that 3-HAA displays is 

not competitive or reversible. This was evident from the Lineweaver-Burke plots that 

indicated irreversible-type binding and which was confirmed by an assay where excess 

tryptophan failed to displace 3-HAA and restore IDO activity when it was added in 

excess after 3-HAA.  

The irreversible binding was investigated further by mass spectrometry but we could 

not locate either an amino acid residue or heme as a position that 3-HAA would have 

been bound to. Also the inconsistent results from cellular assays in which the inhibition 

was either mild or non-existent (whole cells) while strong in lysates left us puzzled. This 

inconsistency was not found to be a cell membrane crossing- related either as we were 

able to measure 3-HAA inside the cells that had been previously incubated with 3-HAA. 

The possibility that 3-HAA might react with molecular oxygen forming hydrogen 

peroxide was raised following an extensive online search for reactions that 3-HAA 

might be involved in under conditions found in our assay. The possibility was confirmed 

by research by Morita et al.159 H2O2 is a known IDO inhibitor212 so we decided to look 

into this possibility.  

The media composition for lysate assays and assays with recombinant IDO requires an 

excess of molecular oxygen to be available along with other co-factors to ensure IDO 

activation in vitro. The availability of excess O2 in the in vitro assays therefore made it 

possible that 3-HAA would react with it and form H2O2 resulting in the IDO inhibition 

we observed. We had also noticed that 3-HAA is toxic to the cells in culture at 

concentrations above 200 µM. We decided to check whether this toxicity was H2O2 -

related too. Catalase breaks down H2O2 into water and oxygen so it was added to the 

cell culture media containing otherwise toxic effects of 3-HAA up to 500 µM in terms of 

number of live cells but also of cell proliferation. At the higher 3-HAA concentrations the 
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cells survived better but did not proliferate. It is therefore possible that the 3-HAA 

toxicity is due to the quenching of oxygen and the subsequent accumulation of toxic 

amounts of H2O2. Why this formed H2O2 does not result in IDO inhibition inside the cells 

is not clear, but it could be that it does not get into the cell at high enough concentration 

to inhibit IDO in the cytosol. When the concentration of H2O2 was measured in the assay 

buffer for lysate and recombinant IDO assays following the addition of 3-HAA, it was 

clear that there was a dose-dependent increase in the concentration of H2O2 which did 

not happen with 1-MT (L). The formation of H2O2 seemed to taper off when more than 

200 µM of 3-HAA was added but this may have been due to detection limits.  

Even though we had not seen IDO inhibition in the whole cells, we went on to study cells 

that naturally produce reactive oxygen species on activation, and hypothesised that 

maybe IDO in these cells could be inhibited by H2O2 that is formed by the reaction of 

superoxide with 3-HAA. These cells maybe more resistant to the effects of H2O2 and may 

allow H2O2 to be inside the cell or let it in, where it would then have a chance to inhibit 

IDO. We were able to see a dose-dependent decrease in kynurenine production by 

mature THP1 cells that seems to confirm this hypothesis. As mentioned earlier 

however, 3-HAA is toxic to cells above 200 µM and it is possible that the reduction is 

due to dying cells. 3-HAA causes the otherwise adherent mature THP1 to float so we 

counted the number of live and dead cells in the portion. Approximately half of them are 

alive by trypan blue staining so the reduction in kynurenine may not be due to cell 

death, even though it is possible that these floating cells are dying and do not have 

active IDO anymore.  

We also studied the effect of 3-HAA in vivo early on. IDO has been reported toxic in vivo 

by earlier studies215 but we did not notice cell death at the same level with the same 

dose they used (around 0.3 mg/mouse) or with a 10-fold higher one. We were able to 

get clear measurements of kynurenine in the bloodstream of mice injected with LPS or 

mice that had a palpable IDO+ tumour.  This provided a good basis for testing the 

efficacy of 3-HAA in vivo. We grew IDO+ tumours in mice and injected them with 3-HAA 

a day before taking blood and measuring it for kynurenine. We could not see any 

reduction in kynurenine levels, which could be due to blood-taking so close to the 3-
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HAA administration. Alternatively, in the light of the results from the in vitro assays and 

the discovery of the link with H2O2, 3-HAA may not be a sufficiently potent inhibitor and 

will not reduce kynurenine levels when administered systemically in vivo. It is an 

immunomodulatory molecule216,159,215 so any therapy with 3-HAA will have to take 

those effects into account. The effect of 3-HAA on IDO has now been discovered by 

others217 too but the mechanism for the inhibition that we have discovered elucidates 

the reasons for its inconsistent potency in different systems, and also potentially why 

Lopez et al. saw IDO inhibitory activity with 3-HAA in macrophages but not in 

monocytes. 
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Figure 1. 1-methyl tryptophan is an IDO inhibitor but also a weak IDO substrate. A) Recombinant 
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prior to any assay that uses it as an IDO substrate.  The numbers below show the amount of 1-MT (L) 
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Figure 2. Inhibitor screen for IDO inhibition. A) Initial screen with 23 new candidates and
B) smaller screen with compounds similar to compound 14. Each compound was added
at 1mM and the enzyme reaction run for 1 hour at 37 Celsius. Error bars represent
standard deviations of triplicate samples.
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Figure 3. List of compounds screened for IDO inhibition.
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Figure 12. Effect of 3-HAA on blood kynurenine levels when IDO- and IDO+ tumours are present.
A) Growth of EG7 tumours in BL6 mice.  Only mice that grew tumours were used for measurement of
kynurenine and tryptophan levels after 3-HAA and PBS injection. B) Blood levels of kynurenine and 
tryptophan before and after 3-HAA or PBS injection. Error bars are standard deviations. 
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Chapter 3: Effects of tryptophan metabolites on mTOR in T-cells and 
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3.1 Introduction 
 

Given that IDO is such a potent immunosuppressive enzyme, questions have been raised 

whether its mechanism of action is more related to the depletion of tryptophan or the 

accumulation of its metabolites.218,219,215,220 T-lymphocytes are sensitive to the depletion 

of tryptophan and their proliferation is stopped by cell-cycle arrest at G1.219 In addition 

to cell cycle arrest, the tryptophan starvation can result in to the down-regulation of the 

TCR complex ζ-chain in CD8+ T cells leading to their impairing their cytotoxic effector 

function.71 The combined effects of tryptophan shortage and downstream catabolites of 

tryptophan can also result in naïve CD4+ CD25- T-cells becoming CD25+ T regulatory 

cells.71 It has since become clear that many human tumours take advantage of this by 

constitutively expressing IDO, probably as one strategy to evade the host immune 

response.152 Although the lack of tryptophan has a potent effect on T-cells, recently it 

has become evident that a few of its metabolites can also have adverse effects on the T-

cells. It has been reported that 3-hydroxykynurenine suppresses CD4+ T-cell 

proliferation and induces Treg development in a corneal transplant model.160  It also 

inhibits T-cell proliferation generally in a co-culture of splenocytes and BMDCs.221 The 

same study also reported L-kynurenine as capable of T-cell inhibition. 3-

hydroxyanthranilic acid and quinolinic acid have also been identified as potent 

suppressors of T-cell proliferation as they induce apoptosis in the T-cells.222,215 Apart 

from T-cells, the metabolites have various other effects on the body such as 

neurotoxicity and it is due to their multiple physiological roles that we decided to look 

at the kynurenine pathway more carefully here.  

 

In this chapter we have studied the T-cell suppression caused by the consumption of 

tryptophan and confirmed that especially 3-hydroxykynurenine inhibits CD8+ T-cell 

proliferation either mildly or causes the cells’ death. It was also the only kynurenine we 

found that stimulated CD25+ Foxp3+ Treg development. We also examined the effect of 

these kynurenines on the mTOR activity of CD8+ T-cells in which 3-hydroxykynurenine 

caused inhibition but it was dependent on the strength of CD8+ T-cell stimulation. 
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3.2 Materials and methods 
 

3.2.1 Mice 
 

C57BL/6, OT-I (transgenic for T-cell receptor specific for ovalbumin fragment 257-264, 

SIINFEKL that is presented by MHC class I molecule H2-Kb) and DO11.10 (transgenic 

for TCR specific for ovalbumin 323-339 that is presented by the MHC class II molecule I-

Ad.)  mice were bred in the Biomedical Services Unit, John Radcliffe Hospital, and used 

for in vitro experiments under the authority of a U.K. Home Office Project Licence. MHC 

class I molecules present cytosolic peptides to cytotoxic CD8+ T-cells while the MHC 

class II molecule presents extracellular proteins digested in lysosomes to CD4+ (helper) 

T-cells. 

 

3.2.2 Cell culture media 
 

Cell culture media used in this chapter are 

R10  

RPMI 1640 (Sigma) + 10% FCS + glutamine + penicillin/streptomycin + β-
mercaptoethanol (for mouse cells only) 

Trp/FCS-free media (T0) 

RPMI 1640 without tryptophan (Custom order from HyClone) and added FCS, contains 
glutamine, penicillin/streptomycin and β-mercaptoethanol 

T10 

RPMI 1640 without tryptophan + 10% FCS, glutamine + penicillin/streptomycin + β-
mercaptoethanol  
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3.2.3 Amplification of kynurenine pathway enzymes from human tumour cell 
lines by PCR 
 

The following human tumour cell lines were cultured in minimum essential media 

(Sigma) for 48h with or without 1000u/ml of human recombinant IFN-γ (Peprotech): 

Cervical cancer HeLa, epithelial carcinoma A431, melanoma Dx3, acute monocytic 

leukaemia THP1, breast cancer SKBR23, glioblastoma U87MG, pancreatic 

adenocarcinoma HPAF, and colon adenocarcinoma HCA7.  

After 48h, cell culture media was taken off and cells lysed and RNA extracted with 

RNeasy kit (Qiagen). cDNA was made from an equal amount of RNA from each sample 

with Retroscript kit (Ambion). Each enzyme was amplified with Phusion DNA 

polymerase in the following reaction: Water 28µl, HF buffer 10 µl, dNTPs 0.5 µl, forward 

primer 5 µl, reverse primer 5 µl, cDNA 1µl, Phusion polymerase 0.5 µl. The PCR cycling 

was as follows: 2 min 95 oC, (30s 95 oC, 15s 57 oC, 30s 72 oC) x30, 5 min 72 oC. The 

following primers were used: 

 

Enzyme Primer sequence Product 
(bp) 

Accession 

Indoleamine 2,3-
dioxygenase (IDO) 

Fwd 5’ – ACC ACA AGT 
CAC AGC GCC -3’ 

Rev 5’ – CCC AGC AGG ACG 
TCA AAG -3’ 

618 NM_002164.5 

Tryptophan 2,3 –
dioxygenase (TDO) 

Fwd 5’ – GGC AGC GAA 
GAA GAC AAA TC -3’ 

Rev 5’ – GTG CAT CCG AGA 
AAC AAC CT -3’ 

285 NM_005651.2 

Kynurenine 
arylformamidase (Afmid) 

Fwd 5’ – GAA GCC TTG 
CCT TTC TTC CTT -3’ 

Rev 5’ – TCC CTT GTT GCT 
TGG ATA CC -3’ 

216 NM_001145526 
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Kynurenine transaminase 
1 (KATI) 

Fwd 5’ – TCG AAC CCT TTT 
TTG ACT GC -3’ 

Rev 5’ – CTG CTC CCG TTC 
AAA GCT CT -3’ 

527 NM_001122672.1 

Kynurenine transaminase 
2 (Aadat, KATII) 

Fwd 5’ – AGC TGG CAT 
GTT TCT ATG GA -3’ 

Rev 5’ – AAG TGG TTC AGG 
GAA ATT GC -3’ 

?  

Kynurenine hydroxylase 
(Kmo, KynOH) 

Fwd 5’- GAC TAT TCC ACC 
TAA GAA CGG AGA -3’ 

Rev 5’- ACA GGA AGA CAC 
AAA CTA AGG TCG -3’ 

530 NM_003679.3 

Kynureninase (Kynase) Fwd 5’- GAT GAG GAA GAT 
AAG CTG AGG C -3’ 

Rev 5’- CTT AAG GTT TCT 
TCC CCC TCT -3’ 

500 NM_001199241.1 

3-hydroxyanthranilate 3,4 
–dioxygenase (3-HAO) 

Fwd 5’-  GAG GGC CTT CTT 
GGT GTG -3’ 

Rev 5’- CAT TGA TTG GTT 
GTG AGT GG -3’ 

520 NM_012205.2 

Picolinic acid carboxylase 
(Acmsd) 

Fwd 5’ – ACC ACC ATA GCC 
ATT TGC TC -3’ 

Rev 5’ –  ACA GCT TGA 
GGG ACA GAG GA -3’ 

235 BC016018 

Quinolinate 
phosphoribosyltransferase 
(QPRT) 

Fwd 5’-  GGT CAC AGG AGC 
AGC AGG -3’ 

Rev 5’-  AAG CCA GAG GAG 
CTG CAC -3’ 

?  
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3.2.4 Western blotting for phospho-S6, phospho-eIF2 and β-tubulin  
 

Cells were lysed with lysis buffer for phosphoproteins consisting of the following: 50 

mM Hepes pH7.5, 100 mM NaCl, 10 mM EDTA, 1% Triton X-100, 4 mM Sodium 

pyrophosphate, 2 mM sodium vanadate, 10 mM sodium fluoride, ¼ Roche protease 

inhibitor tablet/5 ml and 1.5 mM Pefabloc (Sigma). Made up with ice cold PBS. The 

lysates were collected and spun for 15 min at 13000 rpm at 4 oC. 

The protein content in the samples was then measured with a BCA assay and an equal 

amount loaded into a NuPAGE 4-12% Bis-Tris gel. The gel was run in reducing 

conditions (DTT 40 µM/sample, MES buffer (Invitrogen)) at 200 V for 35 min and then 

transferred sandwiched with a nitrocellulose membrane onto a semi-dry blotting 

apparatus. The protein transfer was run at 18 V for 40 min. The membrane was then 

blocked with 5% w/v BSA in 0.1% v/v Tween 20-PBS for 1 hour at room temperature. 

The membrane was then placed into a solution containing the rabbit anti-mouse pS6 

antibody (Cell Signalling, 1:3000 in 5% w/v BSA, 0.1% Tween-PBS). The membrane was 

kept in the primary antibody on a roller overnight at 4oC. Any unbound antibody was 

then washed off for 3x5 min with 0.1% Tween-PBS. An anti-rabbit secondary antibody 

with conjugated HRP was then added at 1:10000 in 5% w/v BSA, 0.1% Tween-PBS and 

incubated for 1 hour at room temperature. The secondary antibody was then washed off 

with 0.5% Tween-PBS for 5min and for 2x5 min with 0.1% Tween-PBS. The membrane 

was then treated with Pierce SuperSignal chemilumenescent substrate for imaging of 

the blot.  

 

3.2.5 Splenocyte preparation from whole spleen 
 

A whole spleen was mashed with the plunger end of a 1 ml syringe through a cell 

strainer and the strainer rinsed with R10. The cells were spun down for 5 min at 1500 

rpm and the supernatant discarded. The cells were resuspended in 2 ml of red blood 

cell lysis buffer (Qiagen) and 8 ml of R10. The suspension was then spun down as above 
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and the supernatant discarded. The cells were then resuspended in the desired media 

and were ready to use or to be further purified. 

 

3.2.6 Carboxyfluorescein succinimidyl ester (CFSE) -staining for cell proliferation 
assays 
 

Cells were washed twice in PBS and then resuspended in PBS at 1-2x106/ml and 0.5 µM 

CFSE added. The solution was kept at room temperature for 8 min. To quench the CFSE 

stain, an equivalent volume of FCS was added to the solution and the cells spun down 

for 5 min at 1500 rpm. The supernatant was discarded and 10 ml of warm R10 added 

and the solution transferred to a new 15 ml Falcon tube. This was repeated twice. 

Finally the cells were resuspended in a desired volume of the media of choice. CFSE was 

purchased from eBioscience. When used in cell proliferation assays, the CFSE stain 

halves with every cell division making it useful in measuring cell proliferation.  

 

3.2.7 Cell Tracker Orange (CTO) –staining  
 

Cells were washed in R10 and resuspended in R10 at 2x106/ml. The CTO stain was 

added at 2 µM, the cells vortexed to mix the dye and incubated for 20 min at 37 oC. The 

cells were then spun down for 5 min at 1500 rpm and resuspended in fresh warm R10 

and incubated for further 20 min at 37 oC. The suspension was then spun again and the 

cells washed twice in R10 and resuspended in desired volume and media. The CTO stain 

was purchased from Invitrogen. 

 

3.2.8 Cell surface staining protocol 
 

Cells were transferred into a round-bottom 96-well plate and spun down at 1500 rpm 

for 5 min. The supernatant was either collected or discarded and the cells washed with 

PBS containing 0.5% FCS or with pure PBS. The fluorescence-conjugated antibodies or 
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other dyes were then added at appropriate concentrations in 40 µl of PBS/sample and 

incubated on ice in the dark for 20 min. 150 µl of PBS was then added and the cells spun 

down. The cells were washed once in PBS and then resuspended in desired volume of 

PBS (or PBS-0.5% FCS) for FACS analysis. 

 

3.2.9 Intracellular/intranuclear staining protocol 
 

Cells were transferred into a round-bottom 96-well plate and spun down at 1500 rpm 

for 5 min. The supernatant was collected and cells washed in PBS. If cell surface staining 

was required, it was done at this point as in 3.2.8. If the cells were to be stained 

intracellularly, after the surface stain the cells were washed and resuspended in 100 

µl/well of IC Fixation buffer (eBioscience) and incubated for 1 hour on ice in the dark. 

After fixing 100 µl/well of PBS was added and the cells spun down. Permeabilisation 

buffer (made up in water from 10x stock, eBioscience) was then added at 200 µl/well 

and the cells spun down. The antibodies for intracellular staining were then added in 50 

µl of permeabilisation buffer and incubated for 20-30 min on ice in the dark. After 

incubation 100 µl/well of permeabilisation buffer was added and the cells spun down. 

The cells were then washed in 150 µl of permeabilisation buffer. If the primary 

intracellular antibody was not conjugated to a fluorescent dye, a secondary antibody 

with a dye was added at this point in 50 µl/well of permeabilisation buffer. The cells 

were then incubated on ice in the dark for 20-30 min and then washed in 

permeabilisation buffer after which they were ready for analysis. If the staining was 

intranuclear, it was done similarly apart from the fixation step which was instead done 

with Foxp3 fixation/permeabilition buffer (eBioscience) and the incubation on ice was 

only for 30 min. For Foxp3 staining, no secondary antibody was needed so the cells 

were ready to use after the primary intranuclear stain. 
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3.2.10 T-cell proliferation assays and FACS-based mTOR assays 
 

Experiments were started with 200 000 splenocytes/well in 96-well plates and 

incubated for 72h. The SIINFEKL cognate peptide for OT-I cells had been synthesised by 

Katalin di Gleria in the WIMM at Oxford University. Antibodies against CD3, CD28, CD4, 

CD8, B220, CD25, CD69 and Foxp3 (intranuclear stain) were from eBioscience. 

Tryptophan metabolites were from Sigma. Antibodies against p-S6 (intracellular stain) 

were from Cell Signaling Technology.  
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3.3 Results 
 

3.3.1 IDO activity in tumour cells inhibits CD8+ T cell proliferation and additional 
tryptophan can rescue it 
 

The activity of IDO is known to suppress T cell proliferation and we wanted to confirm 

this by using IDO+ tumours, which should deplete the culture medium of tryptophan 

and produce kynurenines. In order to prevent the EL4, EG7 wild type (“EG7 WT”), EG7 

GFP-transfected (“EG7 GFP”) and EG7 GFP+IDO (“EG7 IDO”) –transfected cells from 

overgrowing in the cultures and depleting the T cells from nutrients, they were 

irradiated for different lengths of time. The cells were then placed in 5 ml of media at 

0.5x106 cells/well for 48h, after which the live cells were counted and the amount of 

kynurenine measured in the media. Cells that had been irradiated to the maximum of 

six minutes stayed alive but kynurenine production stopped in cells after only 3 

minutes of irradiation (Figure 1A and B). To take advantage of the maximum amount of 

IDO activity in the irradiated cells, we chose the one-minute time-point that was 

sufficient to stop the cells’ proliferation. 

EL4 cells that lack the OVA-peptide expression did not stimulate the OVA –specific T 

cell–receptor containing CD8+ T-cells within the OT-I splenocytes. EG7 WT cells 

stimulated the CD8+ T cells at all concentrations as did the EG7 GFP –transfected cells. 

IDO-transfected cells inhibited CD8+ T cell proliferation with increasing efficiency as 

the number of IDO+ cells increased (Figures 2A and 2B). The IDO+ cells had produced a 

significant amount to kynurenine and used up most of the available tryptophan (Figure 

2C).  

This inhibition may be due to either low levels of tryptophan or its accumulation of its 

metabolites (‘kynurenines’), so we went on to investigate whether adding tryptophan 

during the assay would rescue the T-cell proliferation. Again, EL4 cells did not stimulate 

the CD8+ to proliferate but EG7 WT, GFP-transfected and IDO+ transfected cells did 

(Figures 3A and 3B). In all cases this time, the CD8+ T-cells stopped proliferating at the 

5:1 EG7 to splenocyte ratio and this was probably due to a generalised nutrient 
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depletion as T-cells in the WT and GFP –containing samples also stopped proliferating. 

The addition of tryptophan partially rescued the T-cell proliferation in the GFP and 

IDO+ samples. All IDO+ samples had used up the available tryptophan and when it had 

been added, it had been consumed proportionally to the IDO+ cell content but not 

completely used up  (Figure 3C). 

 

3.3.2 CD8+ T cell proliferation is strongly dependent on available nutrient levels 
but less so on tryptophan only (FCS Trp titration) 
 

While the T cell proliferation was partially rescued by tryptophan addition in the 

previous experiment, we wanted to examine how dependent it was on the foetal calf 

serum (FCS) concentration in the cell culture media with or without added tryptophan. 

When the cell culture medium does not contain any FCS, there is no CD8+ T cell 

proliferation even with added tryptophan (Figure 4A). Similarly at 0.5% FCS there is not 

enough nutrients to sustain T cell proliferation. At 1% FCS, the T cells start to 

proliferate and the proliferation is stronger the more tryptophan is present. The same 

pattern is repeated until the FCS concentration is 6% or more when the presence of 

extra tryptophan ceases to enhance the T cell proliferation. This is probably due to a 

sufficient level of tryptophan in the FCS that is now at a high enough concentration. The 

cell proliferation was measured quantitatively by comparing against the non-

proliferated unstimulated CD8+ T cells (Figure 4B). By 6% of FCS concentration, 

virtually all CD8+ T cells had proliferated and the FCS/nutrient concentration was no 

longer limiting. 

 

 

3.3.3 Kynurenine pathway enzyme expression in human tumour cell lines 
 

As it is possible that the tryptophan metabolites (kynurenines) also inhibit T cell 

proliferation, we went to look at the kynurenine pathway enzyme expression pattern in 

various tumour lines. If any of the metabolites show T-cell inhibitory (or activatory) 
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activity, it would be interesting if tumour cells would preferentially express particular 

enzymes to enhance the production of the advantageous metabolite. We tested the 

following tumour derived cell lines (tissue of origin in parentheses): HeLa (cervical 

cancer), A431 (epithelial carcinoma), Dx3 (melanoma), THP1 (acute monocytic 

leukaemia), SKBR23 (breast cancer), U87MG (glioblastoma), HPAF (pancreatic 

adenocarcinoma), and HCA7 (colon adenocarcinoma), which all showed slightly 

different expression patterns from each other (Figure 5). All cell lines except SKBR23 

expressed IDO after IFNγ stimulation and none of them without it. TDO was only 

expressed by THP1 and U87MG with and without IFNγ. Kynurenine formamidase 

(Afmid) that breaks down N-formyl kynurenine into kynurenine is expressed by 

SKBR23 and U87MG without IFNγ and weakly by SKBR23 after IFNγ treatment. 

Kynurenine aminotransferase I (KATI) was expressed strongly by all cell lines 

irrespective of IFNγ stimulation. KAT II was not expressed by any cells but this may 

have been due to poor primers.  Kynureninase was expressed by all cel lines before and 

after IFNy except for SKBR23 that only expressed it after IFNy stimulation. HPAF is 

expressed very weakly. Kynurenine hydroxylase (KynOH) was expressed by HeLa, Dx3, 

and SKBR23 after IFNy treatment whereas THP1 cells expressed it strongly with or 

without IFNy. 3-hydroxyanthranilate 3,4 –dioxygenase (3-HAO) was expressed by A431, 

Dx3, and U87MG before and after IFNy and by SKBR23 only without IFNy. Picolinic acid 

carboxylase (Acmsd) was not expressed by any of the cell lines. The results for 

quinolinate phosphoribosyltransferase (QPRT) are not clear as the primers that were 

used did not align properly with the enzyme sequence, despite having been published 

before.223 

It is possible that the differential expression pattern is beneficial to the cancer cell line, 

and to determine whether this relates to the inhibition of T-cell proliferation, further 

experiments were carried out. 
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3.3.4 At optimal nutrient levels, tryptophan metabolites have no significant effect 
on CD8+ T-cell proliferation  
 

As there are different kynurenine pathway expression patterns in different tumour cell 

lines, we were interested in looking at whether any of the metabolites would affect T-

cell proliferation. We first tested the effect of constant availability of kynurenine, 

kynurenic acid, 3-HAA, 3-HK, anthranilic acid, picolinic acid and quinolinic acid on CD8+ 

T-cell proliferation when the overall nutrient level is optimal. OT-I splenocytes were 

incubated in R10 for 72h with the addition of 25 µM of each kynurenine every 24h. This 

concentration was chosen as the normal RPMI 1640 media contains around 25 µM of 

tryptophan and 1-2 µM more when 10% of FCS is added. Therefore we hypothesised 

that no metabolite should accumulate to more than 25 µM within 24h. We also wanted 

to look whether the amount of stimulation affects the potential effect of the 

kynurenines, and thus had groups that had been stimulated with 10 nM, 50 nM or 100 

nM of SIINFEKL peptide. 

During low stimulation (10 nM) there was no significant reduction in CD8+ T-cell 

proliferation apart from the 3-HK and 3-HAA groups in which there was significant 

toxicity (Figure 6). At 25µM concentration, neither should be lethal to the cells during 

normal stimulation, so it is possible that the cells are more susceptible to their effects 

when they have not been stimulated strongly. However, it also possible that this was 

toxicity due to a freshly made (compared to frozen) solution that we have observed can 

sometimes kill the cells. During stronger stimulation (50 nM and 100 nM) there was no 

significant effect on the T-cell proliferation by any of the kynurenines tested (Figure 6). 

 

3.3.5 In starvation or moderate starvation conditions 3-HK and 3-HAA mildly 
inhibit CD8+ T-cell proliferation 
 

Since there was no significant effect on the tryptophan metabolites on T-cell 

proliferation in optimal nutrient conditions regardless of stimulation strength, we then 

wanted to examine whether lower nutrient levels during constant stimulation would 
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influence the effect of kynurenines on CD8+ T-cell proliferation. The OT-I splenocytes 

were incubated RPMI 1640 containing 0% FCS, 2% FCS and 4% FCS and the 

kynurenines added at 25 µM every 24h. The SIINFEKL peptide was added at 100nM.  

Out of all the kynurenines there was only very slight inhibition of CD8+ T-cell 

proliferation with 3-HK and 3-HAA when the cells had been incubated in 2% FCS and 

4% FCS containing RPMI (Figure 7). When the cells were starved in media containing no 

FCS, there was no proliferation of CD8+ T-cells and addition of kynurenines had no 

effect. Therefore, it appears that only 3-HK and 3-HAA have a small effect in nutrient-

depleted conditions on the CD8+ T-cell proliferation but this is minor and may well be 

related to direct toxicity. It can be concluded therefore that if the kynurenines have any 

effect on CD8+ T-cells, it is not in a direct way on their proliferation at least when 

observed for 72h. The effect of a more sustained exposure (>72h) of these metabolites 

on CD8+ T-cell would be interesting to study. 

 

3.3.6 Only 3-hydroxykynurenine of all tested kynurenines inhibits CD4+ T-cell 
proliferation 
 

The kynurenines did not have an effect on CD8+ T-cell proliferation but we also wanted 

to see whether the same applies to CD4+ T-cells. 3-HK is known to enhance CD25+ 

Foxp3+ Treg generation160 so we wanted to see whether this or any other kynurenine 

would affect the CD4+ T-cell proliferation. DO11.10 splenocytes were incubated with 5 

µg of plated anti-CD3 and anti-CD28 in the presence of daily additions of 25 µM of the 

same kynurenines as in 3.3.4. Only 3-hydroxykynurenine showed minor inhibition of 

CD4+ B220- cell proliferation judging from the higher peak of non-proliferated cells and 

lower peak of the most proliferated cells (Figure 8). This agrees with the published data, 

and we did not find any additional kynurenines that would have this effect. 
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3.3.7 3-hydroxykynurenine increases CD25+ Foxp3+ Treg numbers whereas other 
kynurenines do not affect them 
 

As it has been previously reported that 3-hydroxykynurenine (3-HK) can increase the 

number of CD25+ Foxp3+ T-regulatory cells160, we wanted to see whether any other 

tryptophan metabolite would have a similar effect. We also wanted to confirm the 

published results with our assay that 3-HK increases the CD25+ Foxp3+ Treg numbers. 

In our hands, there was no increase in the proliferation of CD4+ CD25+ Foxp3+ Treg cells 

as judged from the proliferation index of these cells (Figure 9A and 9B). However, there 

was a slightly raised percentage of cells in samples containing 3-HK (Figure 9C). None of 

the other kynurenines affected the CD25+ Foxp3+ T-cell numbers significantly.  

 

3.3.8 mTOR activity is dependent on tryptophan concentration 
 

Tryptophan depletion is known to inhibit T-cell proliferation and their mTOR 

activity.177,219 We were interested in studying whether the kynurenines tested above 

would have a subtler effect on the T-cells this way as they did not inhibit their 

proliferation (see previous results). We first wanted to confirm that mTOR is inhibited 

when tryptophan is depleted from the media. HeLa IDO+ cells were incubated with 

various amounts of tryptophan for 7h in RPMI 1640 media originally lacking 

tryptophan (Figure 10A). No FCS was added to the media as this would have introduced 

extra tryptophan to the assay. The mTOR inhibitor rapamycin was added at 20 nM to 

the negative control group. After 7h, the cells were lysed and a western blot made with 

antibodies against phospho(Ser240)S6 (“pS6”) and tubulin as a loading control. There 

was a clear dose-dependent decrease in pS6 levels from 2 µM of tryptophan downwards 

but still some left when no tryptophan was present (Figure 10A). Tryptophan levels 

were measured from the culture media and they were depleted to unquantifiable from 

the sample initially containing 1 µM Trp downwards (not shown). This clearly indicates 

that mTOR has been inhibited and it has been due to low tryptophan levels and/or 

accumulation of tryptophan metabolites.  
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We also confirmed this effect on live cells by incubating C57BL/6 splenocytes in T0 (no 

tryptophan), T0 + added tryptophan, T10 (no Trp but with 10% FCS) and R10. All cells 

were stimulated with 5ug of plated anti-CD3 and anti-CD28 antibodies. The cells were 

incubated for 24h and 48h and the p-S6 level in live CD8+ B220- cells was measured. 

The unstimulated cells were used as a negative control. When the cells had been 

incubated in R10, their mTOR was fully active as the p-S6 level was high in all CD8+ cells 

(Figure 10B and C). The same was true for cells incubated in T10 that had high p-S6 

level for all CD8+ cells. This media normally contains around 1-2 µM of tryptophan that 

comes from the added FCS that is completely consumed within 24h. This time the FCS 

batch, however, contained so much tryptophan that there was around 10 µM in the 

made-up T10 (measured by HPLC). This was probably the reason why the 

phophorylation of S6 was not inhibited during the first 24h in the CD8+ cells as the 

tryptophan consumption rate of stimulated splenocytes plated at those concentrations 

would have reduced the media tryptophan concentrations by less than 3 µM during this 

period (rate observations made in the laboratory by Ioannis Karydis). The cells 

incubated in T0 were starved of tryptophan and this was reflected in the lowered p-S6 

levels. The addition of tryptophan to the T0 media reversed this and almost all cells 

became positive for p-S6. Interestingly, this shows that mTOR, or at least S6, is very 

sensitive to tryptophan since no other component of FCS was required for the almost 

complete phosphorylation of S6 in cells that were in T0 but received only tryptophan. 

 

After 48h, the pattern is similar but even cells cultured in R10 have nearly exhausted 

the supply of nutrients other than tryptophan - if these cells were to be cultured for 

longer, media change would be required - that the p-S6 levels have started to come 

down (Figure 10B and C). The levels are similar in cells in T10 if not higher, consistent 

with the high tryptophan content of the FCS that was used, making any comparisons 

between R10 and T10 made using this batch of FCS, meaningless. Cells in T0 had a low 

number of cells with phosphorylated S6 and had lost the second peak (i.e. high p-S6) 

that was present after 24h. Interestingly, the addition of tryptophan at the beginning 

and after 24h into these samples kept the p-S6 levels high in the remaining CD8+ cells 
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but it did not enable cell proliferation (see cell numbers in 48h panel in Figure 10B). 

This agrees with my earlier results in Figure 4 of this chapter that tryptophan can 

enhance cell proliferation if sufficient other nutrition is available but is not able on its 

own to make cells proliferate, despite activating and keeping mTOR active. 

 

3.3.9 Kynurenines enhance eIF2α activity in EG7 cells   
 

T-cells sense nutrient levels by the mTORC1 pathway but also via the GCN2 pathway. 

The GCN2 kinase senses and is activated by uncharged t-RNAs that are present in higher 

concentrations when there is an amino acid deficiency in the cell. We were interested to 

examine whether the kynurenines would affect this pathway too since they are a sign 

that tryptophan is being consumed and therefore possibly depleted from the 

extracellular nutrient pool. We did this experiment in low tryptophan conditions to 

enhance any effect the metabolites may have on the pathway. In the absence of an 

established assay to reliably detect GCN2 activation directly – an existing 

phosphoantibody was withdrawn by the manufacturer in view of conflicting 

phosphoproteomic data – we used the proximal downstream molecule eukaryotic 

translation initiation factor 2A (eIF2α) as a marker for GCN2 activation. eIF2α is a 

subunit of a complex that senses, in addition to amino acid starvation via GCN2, also 

detects heme deficiency via heme-regulated kinase (HRI), viral infection via protein 

kinase R (PKR) and ER stress via PERK kinase.224,225,226 It is therefore possible that 

production of kynurenines, may be able to influence phospho-eIF2α levels via ER stress, 

and thus magnify the effect of tryptophan starvation on the pathway. 

EG7 IDO+ cells were incubated for 24h in Trp/FCS-free media supplemented with 1 µM 

of Trp. 100 µM of kynurenine, kynurenic acid, 3-HAA, anthranilic acid, and picolinic acid 

were added to the cultures (3-HK was also added but was toxic to the cells). Rapamycin 

was added at 20 nM to an additional control group to check whether inhibition of mTOR 

via an amino acid-independent way would cause GCN2 pathway activation. 

Interestingly it raised the p-eIF2α levels slightly indicating possible communication 

between mTOR and GCN2/eIF2α pathways (Figure 11). 
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 3.3.10 Kynurenines do not affect mTOR activity of CD8+ T cells at low stimulation 
level  
 

Similarly to the T-cell proliferation assay with low stimulation strength and added 

kynurenines, we did a similar assay for p-S6 levels in weakly stimulated CD8+ T-cells. 

OT-I splenocytes were incubated with 10 nM of SIINFEKL peptide for 2h, 9h or 21h in 

the presence of 25 µM of each tryptophan metabolite (kynurenine, kynurenic acid, 3-

HAA, 3-HK, anthranilic acid, picolinic acid and quinolinic acid). A sample with anti-CD3 

and anti-CD28 was also added as a positive control for strong stimulation. After 2h, 

there were no significant differences between the groups, indicating that the 

kynurenines cannot cause phosphorylation of S6 and in that way affect mTOR activity in 

mildly stimulated CD8+ T-cells (Figures 12A and 12B). At 9 hours anthranilic acid 

appeared to inhibit mTORC1 but this result was not reproducible in subsequent assays. 

After 21h 3-hydroxykynurenine appears to mildly inhibit mTORC1. This was interesting 

as it opened the possibility that 3-HK-mediated inhibition of CD8+ T-cell proliferation 

may be partially mediated through inhibition of the mTORC1 pathway.  

 

3.3.11 3-hydroxykynurenine inhibits mTOR activity at moderate stimulation level 
after 24h but the effect is lost after strong stimulation 
 

Following on from the interesting result with 3-HK in the previous experiment, we 

studied the effect of kynurenines on CD8+ mTORC1 pathway of CD8+ T-cells during 

moderate and strong stimulation under optimal nutrient conditions – i.e. culture in R10 

media. The assay was done with OT-I splenocytes over 24h stimulated with 100nM and 

1 µM of SIINFEKL peptide and adding 25 µM of each kynurenine to R10 media. This time 

CD69 levels were also measured to get an indication of the extent of CD8+ T-cell 

activation during the experiment. The mTOR inhibitor rapamycin lowered the amount 

of p-S6 at both peptide concentrations but interestingly only lowered the CD69 levels in 

cells that had been stimulated with 100 nM of peptide and not with 1 µM (Figure 13). Of 

the kynurenines, 3-HK decreased the phosphorylation of S6 when 100 nM of peptide 

had been used, consistent with findings from the earlier assay where 10 nM of peptide 
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had been used. The metabolite also lowered CD69 levels, indicating a decrease in CD8+ 

T-cell activation too. All this would point towards the mechanism of 3-HK –mediated T-

cell inhibition to be mTOR-related. None of the metabolites had an effect on the p-S6 

levels when the T-cell stimulation was strong with 1 µM of peptide. It would be 

interesting to see whether the same effect can be seen in the mTORC1 activity of CD4+ 

T-cells after 3-HK treatment. 
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3.4 Discussion 
 

In this chapter we have investigated the effects of seven tryptophan metabolites on 

CD8+ and CD4+ T-cell proliferation and on the CD8+ T-cell mTORC1 activity in response 

to stimulation. We first confirmed that tryptophan depletion by IDO expressing tumour 

cells resulted in the inhibition of CD8+ T-cell proliferation in response to cognate 

peptide. This was done in an experimental system where an OVA-transfected EG7 

tumour cell line acted both as a stimulator of OT-I splenocytes but also as a tryptophan 

scavenger (in the case of IDO transfected EG7). As this particular cell line proliferates 

extremely rapidly using up all the available nutrients, it was essential to irradiate the 

cells prior to setting them up with the splenocytes to avoid them overgrowing and 

depleting media prematurely of nutrients essential for T-cell growth other than 

tryptophan. 

 In the first set of experiments, the IDO+ tumours dose-dependently inhibited CD8+ T-

cell proliferation, which did not happen with the IDO- cells or with the cells lacking OVA. 

These results proved that the depletion of tryptophan was the likely reason for the 

inhibition as the IDO+ cells had consumed almost all of the available tryptophan and 

turned it into kynurenine. To verify this result, we tried to repeat this experiment many 

times with the  addition of tryptophan to see whether it rescues the cells, however, it 

was difficult to set up the assay again so that only tryptophan was consumed by the 

IDO+ cells and the cells would not run out of other nutrients. Therefore in the second 

set of EG7 OT-I experiments, there was inhibition of CD8+ cells even in the samples 

containing non-IDO expressing tumour. This was probably due to the tumour cells 

consuming most of the nutrients thus eventually inhibiting cell proliferation – in order 

to maintain sufficient IDO activity in irradiated cells it was impossible to completely 

inhibit their proliferation, and in any case they had to remain metabolically active. 

Nevertheless, adding tryptophan partially rescued the proliferation, and this was most 

obvious with the IDO+ samples that would have exhausted tryptophan from the media 

first: it appears that lack of this amino acid alone was responsible for a large part as 

they responded to its addition readily. The overall conclusion is that depletion of 

tryptophan by IDO+ tumours leads to inhibition of T-cell proliferation.  
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Since tryptophan is so important to the cell proliferation that its addition solely can 

rescue T-cell proliferation, we were interested in examining at what concentration its 

depletion started to become critical to the cells. At the same time we looked at the 

amount of FCS that is required as a nutrient source for cell proliferation. It was 

interesting to note in the context of otherwise tryptophan-free media that tryptophan 

cannot on its own drive T-cell proliferation when no FCS is added but it does enhance it 

even at minimal FCS concentration. There is also an interesting trend that at almost all 

FCS concentrations, it was the 10 µM concentration of tryptophan that was most 

effective at enhancing the proliferation (and CD8+ cell numbers) and not the highest at 

25 µM. This would need to be further investigated and quantified with calibration 

beads, but it is possible that higher tryptophan concentrations can affect the uptake of 

other nutrients that are transported via the same transporter by partially blocking it. 

As mentioned previously, it is not clear with regards to the mechanism of IDO related 

inhibition of T-cell proliferation whether it is mainly due to the depletion of tryptophan 

itself or whether tryptophan metabolites have a significant role as well. Several papers 

have reported 3-hydroxykynurenine and 3-HAA as metabolites that specifically affect 

CD8+ and CD4+ T-cell proliferation.160,216,227 We were therefore interested in whether 

different tumour types would have differential expression of the kynurenine pathway 

enzymes that might result in increased production of 3-HK and 3-HAA. We did this by 

choosing eight human tumour cell lines and using reverse transcription -PCR to 

investigate the pattern of kynurenine pathway enzyme expression. We were 

particularly interested in the expression of kynurenine mono-oxygenase (a.k.a 

kynurenine hydroxylase) that makes 3-HK, kynureninase that makes 3-HAA from 3-HK 

and 3-HAO that breaks down 3-HAA. Interestingly kynureninase was expressed strongly 

by almost all of them bar SKBR23 that only expressed it under IFNγ stimulation. This 

would indicate that at least 3-HAA is being made, however, only HeLa, Dx3, THP1 and 

SKBR23 express kynurenine hydroxylase to provide 3-HK for kynureninase. There is an 

alternative route to 3-HAA from kynurenine via anthranilic acid if anthranilate 

hydroxylase is expressed (see KEGG pathway for tryptophan). This enzyme was not in 

our panel but if it was expressed, then it is worth noting that almost all of the tumour 

lines would be likely to produce significant amounts of 3-HAA due to the high 
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expression of kynureninase. It is therefore interesting that the enzyme responsible for 

breaking 3-HAA down, 3-HAO, was not expressed by HeLa, THP1, HPAF or HCA7 and 

only with IFNγ by U87MG. In SKBR23 cells IFNγ downregulates its expression. It is thus 

possible that some tumours accumulate 3-HAA and its potentially toxic by-

products228,229 by other enzymes to the detriment of any T-cells that happen to be in 

their vicinity. It would be interesting to look at the expression in tumour extracts and 

measure 3-HAA levels to see whether they use this as a method of T-cell suppression in 

vivo. The expression of the pathway enzymes in brain tumour lines has been studied by 

Miyazaki et al. who found that 3-HAO is not expressed in at least four glioma lines and 

one neuroblastoma line.230 All of the glioma cell lines expressed kynurenine 

hydroxylase and kynureninase, making it possible that one of the mechanisms these 

tumours use to wreak havoc in the brain is by producing 3-HAA without breaking it 

down. 3-HAA can then form ROS and H2O2 in the brain causing damage as is the case in 

Alzheimer’s disease.213,231 

Although it is known that 3-HK and 3-HAA can cause T-cell inhibition, we wanted to 

confirm this and add five more tryptophan catabolites to investigate whether other 

tryptophan catabolites could affect T-cell proliferation. The assay was done over three 

days and using three daily additions of 25 µM of each kynurenine catabolite under 

optimal nutrient conditions. We also used three different concentrations of stimulatory 

peptide but there was no significant reduction of CD8+ T-cell proliferation apart from 

the lowest stimulation where 3-HK and 3-HAA killed most of the cells. It is possible that 

the cells were more sensitive when weakly stimulated; however this type of toxicity had 

also been seen intermittently with freshly made compounds so the reasons for the 

observed toxicity are not clear.  

We did this assay also using lower nutrient levels where we could identify that 3-HK 

and 3-HAA do mildly inhibit CD8+ T-cell proliferation. The discrepancies between our 

results and other published results could be due to different read-outs as we did not 

specifically look for apoptosis215 or use additional cytokines that have been reported to 

be needed for 3-HAA –mediated CD8+ T-cell inhibition.216 We also did not see toxicity 

associated with quinolinic acid.215 In the case of CD4+ T-cells we saw a small amount of 
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proliferation inhibition with 3-HK but no significant toxicity as reported by Zaher et 

al.160 This difference may be due to us using daily 25 µM additions of 3-HK, instead of 

single higher doses, which may have given the cells time to adjust and metabolise some 

of the excess 3-HK. We also did a three-day study on Foxp3+ Treg generation when the 

cells were co-incubated with the kynurenines. Again only 3-HK produced a somewhat 

higher proportion of the Tregs compared with the others but the lack of a clearer 

difference was probably due to the period of time the assay was done, which was three 

compared to seven when Zaher et al.  first started to see a larger proportion of Foxp3+ 

Treg with 3-HK and 3-HAA.160 

We then went on to look at the effect of tryptophan and its metabolites on the 

mammalian target of rapamycin (mTOR). This kinase forms one of the main hubs of the 

mTORC1 pathways that has multiple functions, but in particular integrates information 

regarding intracellular nutrient, and particularly amino acid, requirements and 

regulates cellular growth and proliferative capacity. We were interested to see whether 

any of the tryptophan metabolites can affect mTOR activity, which could be one of the 

mechanisms how a particular metabolite such as 3-HK would inhibit CD8+ or CD4+ T-

cell proliferation.  

We started by confirming that low tryptophan levels in T-cells are sensed by the 

mTORC1 pathway. We used phosphorylation of the S6 ribosomal protein at serine 240 

as a readout as this is a well established indicator of mTORC1 pathway activity. Our 

results clearly show a dose-dependent response of phospho-S6 levels to tryptophan 

starvation. In a functional assay, the lack of tryptophan resulted in lower mTORC1 

activity and this was reversed by addition of tryptophan. After confirming the 

dependency of mTORC1 activity on tryptophan levels, we went on to investigate the 

effects of the tryptophan metabolites on the GCN2 kinase that heads the other major 

pathway known to detect intracellular amino acid depletion. This pathway is known to 

be activated at extreme levels of amino acid starvation. As some tryptophan metabolites 

are known to be toxic at high concentrations, we hypothesised that they might trigger a 

cellular stress response even at lower, not overtly toxic, concentrations. In turn this 

could conceivably feed into the GCN2-pathway at the level of eIF2α where it converges 
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with the ER stress related PERK-pathway, multiplying the effect of direct GCN2 

activation. Alternatively GCN2 might be directly activated or become more sensitive to 

activation by higher levels of uncharged t-RNAs in the presence of kynurenines. We 

therefore looked at the phosphorylated form of eIF2α that integrates signals from both 

pathways. All the tested kynurenines increased the phosphorylation of eIF2α by 2-fold 

or more, partially confirming our hypothesis. It would be interesting to repeat this assay 

with a titration of the kynurenines (so that 3-HK could also be added, as it was lethal to 

the cells in this assay at 100µM) and with different tryptophan levels. Ideally we would 

like to use an antibody against phospho-GCN2 itself to clarify the way kynurenines 

modify this pathway.  

The effect of kynurenines on mTOR was studied at different time points using varying 

stimulation levels. When the splenocytes were mildly stimulated using 10 nM of 

SIINFEKL peptide, there were no major differences from the controls. When the 

stimulation was stronger 3-HK emerged as a metabolite that inhibited mTOR activity in 

CD8+ T-cells and also the cells’ activation as measured by the marker CD69.  

Interestingly, when the stimulation was increased further, this effect was lost. This 

could be down to toxicity which then decreases the mTOR activity unless rescued by a 

sufficiently strong activation signal. As similar results have not been reported 

previously it would be interesting to study this further more comprehensively by doing 

a time course assay with a titration of the stimulus and 3-HK to exclude direct toxicity. 
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Figure 1. 1 minute of irradiation is enough to stall cell proliferation but not too much
to inhibit kynurenine production. In order to establish an appropriate length of irradiation,
the exposure of EL4 and EG7 to irradiation was titrated. After the irradiation, the cells were
plated at 500000 cells/well in 5ml of R10 (6-well plate) for 48h after which the trypan blue 
negative cells were counted. A) The number of live cells of each cell type after 48h. 
B) Kynurenine produced by the cells during the 48h as measured from the supernatant 
by HPLC.  C) Tryptophan remaining in the supernatant after 48h.
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EG7 WT 5:1 Spl 17.8 5288
EG7 WT 2:1 Spl 37.5 30878
EG7 WT 1:1 Spl 43.8 60224

EL4 5:1 Spl 1.12 379
EL4 2:1 Spl 1.84 756
EL4 1:1 Spl 2.33 846

EG7 GFP 5:1 Spl 24.6 19348
EG7 GFP 2:1 Spl 38.6 38817
EG7 GFP 1:1 Spl 48.4 77291

EG7 IDO+ 5:1 Spl 3.79 883
EG7 IDO+ 2:1 Spl 10.2 5120
EG7 IDO+ 1:1 Spl 10.9 8041
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Figure 2. IDO+ cells deplete tryptophan from cell media which results in CD8+ T-cell
proliferation inhibition. A) EL4, EG7 WT, EG7 GFP, EG7 IDO+ incubated in R10 with OT-I
splenocytes for 72h at different concentrations. Proliferation was measured as the breakdown of 
CFSE and the negative control EL4 1:1 was used as a threshold. Cell numbers (#) and percentages (%)
in the box refer to the number of live CD8+ B220- cells out of all live cells and the percentage of 
them within all live cells. B) A quantitative illustration of the proliferation measured in panel A. 
Each measured sample was a composite of three individual samples. C) Kynurenine produced by 
the cells and tryptophan remaining in culture as measured by HPLC after 72h. Representative of 
three separate experiments.
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EL4 1:1 Spl 1.84 1529
EL4 2:1 Spl 1.26 959
EL4 5:1 Spl 0.67 569
EL4 1:1 Spl +Trp 2.27 792
EL4 2:1 Spl +Trp 1.96 1411
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EG7 GFP 1:1 Spl 81.9 145481
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EG7 IDO+ 1:1 Spl +Trp 89 221461
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Figure 3. Addition of tryptophan partially prevents CD8+ T-cell proliferation inhibition.
A) OT-I splenocytes were incubated with different concentrations of EL4/EG7 cells for 48h. Where
appropriate, tryptophan was added every 24h at 25μΜ. B) Percentage of proliferated CD8+ B220- cells 
as measured with gates in A). C) Kynurenine produced by the cells and tryptophan remaining in the 
media after 72h. Cell percentages (%) and numbers (#) in tables illustrate CD8+ B220- cells out of all
cells. Representative of three separate experiments.   
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no FCS no Trp +pep100nM 23.3 61
1% FCS no Trp +pep100nM 30.3 1343
1% FCS 10μM Trp +pep100nM 21.5 1501
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Figure 4. Effect of serum and tryptophan concentration on CD8+ T-cell proliferation.
A) Titration of FCS and tryptophan over 72h (OT-I splenocytes). Started with 200 000 cells/sample.
 B) Quantitative illustration of CD8+ proliferation as measured by division of CFSE. Cell numbers
and percentages represent CD8+ B220- cells out all live cells.  Pooled samples from triplicate
wells. Peptide used was SIINFEKL.  
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HeLa A431 Dx3 THP1 SKBR23 U87MG HPAF HCA7
IFN - + -    + -    + - + -  + -   + - + - +

1. GAPDH ++ ++ ++   ++ ++ ++ ++ ++ ++  ++ ++   ++ ++     ++ ++   ++

2. IDO -   ++ -  ++ -               ++ - ++ - - -               ++ -               ++ -  ++
3. TDO - - - - - - ++            ++ - - ++            ++ - - - -
4. Afmid - - - - - - - - ++ - + - - - - -
5. KAT1 ++            ++ ++            ++ ++            ++ ++  + ++            ++ ++            ++ ++            ++ ++ ++
6. KAT2 - - - - - - - - - - - - - - - -
7. Kynase ++            ++ ++            ++ ++            ++ ++            ++ -               ++ ++            ++ +               + ++            ++
8. KynOH -  + - - -               ++ ++            ++ -  + - - - - - -
9. 3-HAO - - +  + ++            ++ - - ++ - + ++ - - - -
10. Acmsd - - - - - - - - - - - - - - - -
11. QAPT ++ ++ ++    ++ ++    ++ ++       ++ ++ ++ ++    ++ ++            ++ ++      ++

Figure 5. Kynurenine pathway enzyme expression in human tumour cell lines. Expression of
the kynurenine pathway enzymes by regular PCR. Where indicated, cells were treated with IFNγ
for 48h prior to RNA extraction. 

Key: IDO = Indoleamine 2,3-dioxygenase, 
         TDO = Tryptophan 2,3-dioxygenase
         Afmid = Kynurenine (aryl)formamidase
         KAT = Kynurenine transaminase/aminotransferase (I and II)
         Kynase = Kynureninase
         KynOH/Kmo = Kynurenine hydroxylase/mono-oxygenase
         3-HAO = 3-hydroxyanthranilate 3,4-dioxygenase
         Acmsd = Picolinic acid carboxylase
         QAPT/QPRT = Quinolinate phosphoribosyltransferase

109



10 nM SIINFEKL 50nM SIINFEKL 100nM SIINFEKL

Figure 6. At optimal nutrient levels, no kynurenine has an obvious effect on CD8+ T-cell 
proliferation. A) 3-hydroxykynurenine ad 3-HAA showed toxic effects on the cells but this was not 
consistent. B) A quantitative representation of the proliferation data. The threshold used for proliferation 
was the “no stimulation” control. The splenocytes had been cultured in R10 for 72h with 25μM of each 
kynurenine added every 24h. The samples were then analysed and live CD8+ B220- cells out of all live 
cells are shown (# and %) with the division of CFSE on the X-axis. Samples were pooled from triplicate 
wells. Representative of three similar experiments.
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100nM SIINFEKL in R10
No stimulation
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+ Kynurenine
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Figure 7. 3-HK and 3-HAA have a small effect on CD8+ T-cell proliferation during starvation
or low nutrient availability. Total splenocytes were incubated for 72h in RPMI 1640 media with 
either no FCS, 2% FCS, or 4% FCS and stimulated with 100nM of SIINFEKL. Kynurenines were added 
every 24h at 25μM and the CFSE division of CD8+ B220- cells was measured.  A) There is no effect by 
kynurenines on the CD8+ when the cells are starving but under low nutrient conditions 3-HAA 
and 3-HK inhibit their proliferation mildly. This is shown quantitatively in B) where the size of the 
first peak is measured indicating the percentage of less proliferated cells in the sample. Samples
were pooled from triplicate wells. Representative of two experiments.
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No stimulation 5307 29.7
+ aCD3-CD28 16511 21.2
+ Tryptophan 15358 22.1
+ Kynurenine 11548 17.6
+ Kynurenic acid 13261 19.2
+ 3-hydroxykynurenine 11816 15
+ 3-hydroxyanthranilic acid 13560 21.1
+ Anthranilic acid 16942 23.2
+ Picolinic acid 27636 28.2
+ Quinolininc acid 17355 19.5

No stimulation 5307 29.7
+ aCD3-CD28 16511 21.2
+ 3-hydrokynurenine 11816 15

Figure 8. 3-hydroxykynurenine inhibits CD4+ T-cell proliferation marginally.
A) DO11.10 splenocytes were incubated with 3x25μM (added at the beginning of the experiment

and then every 24h) of each tryptophan metabolite for 72h. Division of CFSE in CD4+ B220-
cells was then measured by FACS. B) Close-up of the effect of 3-hydroxykynurenine on the CD4+

T-cell proliferation. C) Percentage of CD4+ cell proliferation when negative control used as a threshold for
proliferation. When measured like this, 3-HK does not have a statistically significant effect on CD4+ proliferation

when measured with 1-way ANOVA and using the Dunnett’s comparison test between samples. 
D) Proliferation index of each sample. Using this parameter as a measurement of proliferation, 3-HK reduced the 

proliferation significantly. Statistics: 1-way ANOVA, Dunnett’s multiple comparison test.  * = p<0.05. 
# and % refer to number and percentage of CD4+ B220- cells out of all live cells. 
Figures are representative of duplicate samples and three separate experiments.

%

%

#

#

A)

B)

 

C)0 101 102 103

<FL 1 Log>: CFSE

95.5

0 101 102 103

<FL 1 Log>: CFSE

84

N
o 

st
im

ul
at

io
n

aC
D

3 
C

D
28

 

+T
ry

pt
op

ha
n

+K
yn

ur
en

in
e

+K
yn

ur
en

ic
 a

id

+3
-H

K

+3
-H

A
A

+A
nt

hr
an

ili
c 

ac
id

+P
ic

ol
in

ic
 a

ci
d

+Q
ui

no
lin

ic
 a

ci
d

0

50

100

150

%
pr

ol
ife

ra
tio

n

ns

% of proliferated CD4+ cells overall 

D)
Proliferation index of CD4+ cells

N
o 

st
im

ul
at

io
n

aC
D

3 
C

D
28

 

+T
ry

pt
op

ha
n

+K
yn

ur
en

in
e

+K
yn

ur
en

ic
 a

id

+3
-H

K

+3
-H

AA

+A
nt

hr
an

ilic
 a

ci
d

+P
ic

ol
in

ic
 a

ci
d

+Q
ui

no
lin

ic
 a

ci
d0

1

2

3

Pr
ol

ife
ra

tio
n

in
de

x

*

112



No stimulation 0.6 41
+ aCD3-CD28 7.82 1291
+ Tryptophan 8.41 1838
+ Kynurenine 8.53 985
+ Kynurenic acid 8.72 1156
+ 3-hydroxykynurenine 11.1 1311
+ 3-hydroxyanthranilic acid 6.95 943
+ Anthranilic acid 7.07 1197
+ Picolinic acid 6.22 1315
+ Quinolinic acid 7.55 1310

Figure 9. 3-hydroxykynurenine moderately increases CD25+ Foxp3+ Treg and reduces CD25+
Foxp3- Treg numbers and ratios but does not increase their proliferation.  A) 200000 cells/sample 
of DO11.10 splenocytes were treated daily with 25μM of each tryptophan metabolite for 72h and 
CD4+ CD25+ Foxp3+ proliferation and quantities measured. B) i) Quantitative representation of 
proliferated CD25+ Foxp3+ when measured with the negative control as threshold. ii) Proliferation
index of CD25+ Foxp3+ cells as measured by the total number of divisions divided by the the number
of cells that went into division. Neither of these measurement showed significant differences between
the kynurenines. C) Quantitative representation of the percentages of CD25+ Foxp3+ of 
all CD4+ cells. Statistics: 1-way ANOVA, *= p<0.05 with Dunnett’s multiple comparison post test. Duplicate 
samples with standard deviations. Representative of two separate experiments.
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Figure 10 . Tryptophan levels affect mTOR activity in HeLa cells and CD8+ T cells. 
A) mTOR activity in HeLa IDO+ after 7h with various concentrations of tryptophan as 
measured by amount of phosphorylated S6.  B) p-S6 levels go down when tryptophan is
limited in C57BL/6 CD8+ T-cells (24h and 48h) but they can be rescued by additional tryptophan. 
Quantitative representation of the data in B as measured by percentage of cells within 
marked gates. Statistics: 1-way ANOVA, p<0.05, triplicate samples. Stimulation with
anti CD3 CD28. Cell numbers and percentages in B are the numbers of CD8+ B220- of all live cells.
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Figure 11. Phosphorylated eIF2α, located downstream of GCN2 is doubled by
five kynurenines in starved cells. EG7 IDO+ cells were incubated
in 1μM of Trp in Trp/FCS-free media for 24h with 100μM of each tryptophan 
metabolite. The pattern of the quantitative result was the same when measured 
against tubulin in the p-eIF2α blot or against total eIF2α. Rapamycin was used at
20nM. 3-hydroxykynurenine was omitted due to toxicity to the cells.
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2h 9h 21h

Figure 12. Kynurenines do not alter CD8+ T-cell mTOR activity significantly 
during low stimulation. 
A) OT-I splenocytes were incubated for 2h, 9h and 21h with 25μM of each tryptophan 
metabolite in the presence of 10nM of SIINFEKL peptide. B) Quantitative representation
of mTOR activity as measured by phosphorylated p-S6 in A. Rapamycin was used at 20nM. 
Analysis was done on live CD8+ B220- cells. CD69 was also measured which remained at 
baseline for each kynurenine at each time point (not shown). Cell percentages (#) and 
numbers (#) are live CD8+ B220- cells out of all live cells. Samples were pooled from 
duplicate wells. Representative of two experiments.
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Figure 13. 3-hydroxykynurenine inhibits
CD8+ T-cell mTOR and CD69 ~20-30% during moderate 
stimulation but the effect is lost during strong 
stimulation. OT-I splenocytes were incubated for 24h 
with 25μM of each tryptophan metabolite in the 
presence of either 100nM or 1μM of SIINFEKL peptide. 
Rapamycin was used at 20nM. Analysis for p-S6 and CD69 
was done on live CD8+ B220- cells. Samples were pooled 
from triplicate wells. Experiment representative of at least 
two similar experiments.
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Chapter 4: The immunoregulatory role of myeloid derived suppressor 
cells and the effect of amino acids on their function 
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4.1 Introduction 
 

Myeloid derived suppressor cells are a heterogeneous population of cells with the 

ability to suppress both adaptive and innate immunity. Under normal conditions they 

are thought to have a role in preventing excessive immune activation and tissue 

damage; however in many pathological conditions, such as infections and cancer, their 

numbers are increased and their ability to dampen the immune response can have 

profoundly detrimental effects for the organism (reviewed in 232). Known mechanisms 

that allow them to manipulate the immune system include the depletion of arginine and 

cystine/cysteine from their microenvironment. Arginine is consumed by arginase 1 and 

iNOS: under arginine-depleted conditions T-cells down-regulate CD3 ζ-chains thus 

impairing their function.121,122 iNOS also generates nitric oxide, a potent inhibitor of T-

cell proliferation 233, that further impairs T-cell function.   

A more recent finding is the fact that MDSCs can act as “cysteine sinks” depleting this 

amino acid from their local.127 Cystine is the disulfide-bonded dimer of two cysteine 

residues that can be reduced to cysteine under the right conditions. T-cells are 

particularly vulnerable to depletion of environmental cysteine because they do not have 

cystathionase that converts methionine to cysteine effectively turning this into an 

essential amino acid acid for them. Furthermore they do not express the xCT chain of 

the xc- transporter that transports cystine into the cell.234 They are therefore dependent 

on the uptake of cysteine from the environment; under normal conditions macrophages 

and DCs can reduce cystine and provide a ready source for activated T-cells. When 

MDSCs are present, they upset this balance by taking up cystine –as they express the 

ASC neutral amino acid transporter that would normally allow reduced cysteine to be 

transported back to the extracellular space. This then leads to inhibition of T-cell 

proliferation. No other amino acid depletion –related inhibitory mechanism in MDSCs 

have so far been described in MDSCs so we decided to investigate this. 

In this chapter we have studied the function of MDSCs in a DC-free system and looked at 

their functionality. We have also looked at the possibility that MDSC also use IDO and 

tryptophan depletion as an additional mechanism to augment their immunomodulatory 
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abilities. We have also examined the more general question of whether MDSCs deplete 

other essential amino acids in addition to arginine and cystine/cysteine from the local 

microenvironment and thereby cause any T-cells in their vicinity to undergo a 

proliferation arrest. Finally, we have studied the effect of MDSC and the subsequent 

amino acid depletion on the mTORC1 of CD8+ T-cells.  
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4.2 Materials and methods 
 

4.2.1 Mice 
 

C57BL/6, OT-1 and DO11.10 mice were bred in the Biomedical Services Unit, John 

Radcliffe Hospital, and used for in vitro experiments under the authority of a U.K. Home 

Office Project Licence.  

 

4.2.2 Making of bone marrow -derived dendritic cells 
 

Bone marrow derived DCs were obtained by in vitro differentiation of bone marrow 

monocytes. Bone marrow was flushed out from the tibias and femurs of mice with a 

syringe filled with R10 and 25-gauge needle.  The resulting solution was then filtered 

through a cell strainer and any bigger particles mashed through with the plunger of a 

syringe. The cells were then spun down and the cells resuspended in red blood cell lysis 

buffer and R10 to remove the RBCs. The cells were then resuspended in R10. The cells 

were then resuspended in R10 containing granulocyte and macrophage –colony 

stimulating factor (GM-CSF) at 20 ng/ml and IL-4 at 20 ng/ml. On day 4 the medium 

was replaced with a fresh one containing the same amount of GM-CSF and IL-4. On day 

6, the immature bone marrow cells were matured overnight with 1 µg/ml 

lipopolysaccharide (LPS). 

 

4.2.3 Making and purification of myeloid derived suppressor cells 
 

Bone marrow was extracted as above from the hind legs of mice with a syringe and the 

red blood cells lysed with red blood cell lysis buffer as above. The cells were then 

resuspended at 2x106 cells/ml in R10 containing 1 ng/ml of recombinant mouse GM-

CSF (Peprotech) and placed in a 6-well plate at 5 ml/well. The cells were cultured for 5-

7 days and then purified with CD11c magnetic beads according to the manufacturer’s 
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instructions (Miltenyi Biotec) (the negative fraction collected). After collecting the 

CD11c- fraction, the cells were labelled with a biotinylated anti-Gr1 antibody 

(ebioscience) for 20 min on ice. The cells were then washed with PBS/0.5%FCS and 

mixed with streptavidin beads according to the manufacturer’s instructions (Miltenyi). 

The purified CD11c- Gr1+ cells were now ready to use. The usual purity of the 

preparations for Gr1+ cells as checked by FACS was 70-80% and in terms of strength of 

fluorescence for Gr1, we used both higher and middle populations together in our 

assays. 

 

4.2.4 CFSE-staining of splenocytes 
 

Cells were washed twice in PBS and then resuspended in PBS at 1-2x106/ml and 0.5 µM 

CFSE added. The solution was kept at room temperature for 8 min. To quench the CFSE 

stain, an equivalent volume of FCS was added to the solution and the cells spun down 

for 5 min at 1500 rpm. The supernatant was discarded and 10 ml of warm R10 added 

and the solution transferred to a new 15 ml Falcon tube. This was repeated twice. 

Finally the cells were resuspended in a desired volume of the media of choice. CFSE was 

obtained from Invitrogen. When used in cell proliferation assays, the CFSE stain halves 

with every cell division making it useful in measuring cell multiplication.  

 

4.2.5 Purification of CD8+ T-cells from mixed splenocytes 
 

The spleen was processed as above and the splenocytes resuspended in 100 µl of 0.5% 

FCS/PBS. Rat anti-mouse antibodies (MHC class II, CD4, CD11b and B220 at 4 µl each) 

were added and the mix incubated for 15 min on ice. The antibodies were then washed 

off and the cells resuspended in 300 µl of 0.5% FCS/PBS. The anti-rat Dynabeads 

(Invitrogen) used to separate the cells were prepared as follows: 300 µl of beads in a 

round bottom tube were rotated in magnet five times for 2 min. The supernatant was 

removed and 1 ml 0.5% FCS/PBS added. The suspension was rotated in the magnet 
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again five times for 2 min. The supernatant was removed and 1 ml of fresh FCS/PBS 

added and the process repeated twice. The beads were now washed and ready to use. 

The cells and the beads were then mixed (300 µl) and rotated at 4 oC for 30 min. The 

tube with the mix was then placed in the magnet and rotated a couple of times. The 

supernatant was collected as this was the negative fraction that contained the CD8+ 

cells. The cells were checked for purity by FACS and were found to be around 80% 

positive for CD8. 

 

4.2.6 Arginase activity assay (colorimetric measurement) 
 

MDSCs had been purified for CD11c- and Gr1+ and plated at 650 000 cells/well with the 

appropriate inhibitor at 500 µM in R10 and incubated for 48h. The cells were then lysed 

in 50µl/sample of lysis buffer containing 0.1% Triton X-100, 5 µl of aprotinin (stock 5-

10 trypsin inhibitor units (TIU)/ml) and 5µg of antipain. Samples were then placed in a 

37oC heatblock for 30 min and vortexed every 10 min. Samples were then spun at 

13000 rpm for 20 min and supernatant collected. Arginase was activated by the 

addition of 50 µl/sample of Tris-HCl (final concentration 25 mM) and 10 µl of MnCl2 

(final 10 mM) to the supernatant. The samples were then placed in a 56oC waterbath for 

10 min and then on ice. 100 µl/sample of arginine 0.5 M was then added and the 

samples heated in a heatblock at 37oC for 30-120 min. The reaction was blocked with 

800 µl of the following solution: H2SO4 1 part, H3PO4 3 parts and water 7 parts. To get 

the colour readout 40 µl/sample of 9% w/v di-alpha-isonitrosopropiophenone 

(dissolved in pure ethanol) was added to the samples and the samples heated for 30-

45min at 100oC. 200 µl of each sample was then placed in a flat-bottom 96-well plate 

and the colour intensity read at 540 nm in a cell plate reader. Standard curve was made 

with urea ranging from 200 µg/ml to 0.78 µg/ml. 50 µl of each standard was mixed with 

50 µl of Tris-HCl and 10µl MnCl2 and 100 µl of arginine 0.5 M added. Blank was 50 µl of 

0.1% Triton X-100. 
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4.2.7 Arginase protein expression by western blot 
 

Cells were lysed on the plate with the buffer detailed in chapter 3. The samples were 

pipetted up and down to dissolve all cell fragments and then spun down at 13000 rpm 

for 10 min. The supernatants were collected and protein content measured by a BCA 

assay (Pierce). The protein content was normalised across the samples so that an equal 

amount of protein from each sample was loaded into a NuPAGE (4-12%) Bis-Tris gel 

(Invitrogen). The gel was run in reducing conditions (DTT 40 µM/sample, MES buffer, 

(Invitrogen)) at 200 V for 35 min and then transferred sandwiched with a nitrocellulose 

membrane onto a semi-dry blotting apparatus. The protein transfer was run at 18 V for 

40 min. The membrane was then blocked with 5% w/v BSA in 0.1% v/v Tween 20-PBS 

for 1 hour at room temperature. The membrane was then transferred into a tube 

containing the anti-arginase antibody at 1:150 (goat anti-mouse, Santa Cruz 

Biotechnology) in 5% BSA w/v, 0.1% Tween 20-PBS. The membrane was kept in the 

primary antibody on a roller overnight at 4oC. Any unbound antibody was then washed 

off for 3x5min with 0.1% Tween-PBS. A donkey anti-goat secondary antibody with 

conjugated HRP was then added at 1:5000 in 5% w/v BSA, 0.1% Tween-PBS and 

incubated for 1 hour at room temperature. The secondary antibody was then washed off 

with 0.5% Tween-PBS for 5min and for 2x5min with 0.1% Tween-PBS. The membrane 

was then treated with Pierce SuperSignal chemiluminescent substrate for imaging of 

the blot.  

 

4.2.8 IDO expression in MDSC by western blot 
 

Purified MDSC (CD11c- Gr1+) were plated at 650 000 cells/well on a 24-well plate in 

R10, R10+ IFNγ (1000 u/ml, Peprotech) or in tryptophan and FCS –free RPMI and 

incubated for 48h. The supernatant was harvested and the cells lysed with lysis buffer 

for phosphoproteins (ingredients listed in chapter 3 methods). The protein content in 

the samples was then measured with a BCA assay and an equal amount loaded into a 

NuPAGE 4-12% Bis-Tris gel. The gel was run in reducing conditions (DTT 40 
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µM/sample, MES buffer (Invitrogen)) at 200 V for 35 min and then transferred 

sandwiched with a nitrocellulose membrane onto a semi-dry blotting apparatus. The 

protein transfer was run at 18 V for 40 min. The membrane was then blocked with 5% 

w/v BSA in 0.1% v/v Tween 20-PBS for 1 hour at room temperature. The membrane 

was then placed into a solution containing the rabbit anti-mouse IDO antibody (Santa 

Cruz Biotechnology, 1:150 in 5% w/v BSA, 0.1% Tween-PBS). The membrane was kept 

in the primary antibody on a roller overnight at 4oC. Any unbound antibody was then 

washed off for 3x5min with 0.1% Tween-PBS. An anti-rabbit secondary antibody with 

conjugated HRP was then added at 1:10000 in 5% w/v BSA, 0.1% Tween-PBS and 

incubated for 1 hour at room temperature. The secondary antibody was then washed off 

with 0.5% Tween-PBS for 5min and for 2x5min with 0.1% Tween-PBS. The membrane 

was then treated with Pierce SuperSignal chemiluminescent substrate for imaging of 

the blot.  

 

4.2.9 T-cell proliferation assays 
 

CFSE-stained splenocytes were plated at 200 000 splenocytes/well in a 96-well (flat 

bottom) plate together with appropriate parts of MDSCs where relevant. The assay was 

run for 72h and proliferation of CD8+ B220- cells was analysed by FACS. 

 

4.2.10 Quantitative PCR for IDO and SLC16A4 
 

Q-PCR was performed on Applied Biosystems 7300 real-time PCR system using 

Quantitative CT programme with FAM-dyes and no quencher. For sequence probes we 

used the manufacturers (Applied Biosystems) recommendations as follows:  

Human SLC16A4: Hs00190794_m1 

Human IDO: Hs00158027_m1 

Human ACTB: Hs99999903_m1 
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Human HPRT: Hs01003267_m1 

Mouse SLC16A4: Mm00525195_m1 

Mouse IDO: Mm00492586_m1 

Mouse ACTB: Mm00607939_s1 

Mouse HPRT: Mm00446968_m1 

The assay was run in 96-well Q-PCR plates (Applied Biosystems) with a 20 µl sample 

volume. This consisted of 1 µl of probe, 10 µl of q-PCR master mix (Applied Biosystems), 

4 µl of distilled water and 5 µl of cDNA mixed with distilled water (made up as 6 µl 

cDNA (made of 1 µg of RNA)+ 44 µl H2O).  

 

4.2.11 Kynurenine pathway expression in MDSC by PCR 
 

MDSCs were purified as described in 4.3.2. The purified MDSCs (700 000 cells/sample) 

were cultured in R10, R10+IFNγ 1000 u/ml or in Trp/FCS –free media for 48h.  After 

48h, the cell culture media was taken off and cells lysed and RNA extracted with RNeasy 

kit (Qiagen). The RNA concentration and quality was measured with NanoDrop 

(Thermo Scientific). cDNA was made from an equal amount of RNA from each sample 

with Retroscript kit (Ambion). Each enzyme was amplified with Phusion DNA 

polymerase in the following reaction: Water 28 µl, HF buffer 10 µl, dNTPs 0.5 µl, 

forward primer 5 µl, reverse primer 5 µl, cDNA 1 µl, Phusion polymerase 0.5 µl. The PCR 

cycling was as follows: 2 min 95 oC, (30s 95 oC, 15s 57 oC, 30s 72 oC) x30, 5 min 72 oC. 

The following primers were used: 

IDO (299bp): 

Forward 5’ TTGAAAAGCTGCCCACACTG 3’ 

Reverse 5’ GTCCCCACCAGGAAATGAGA 3’ 

Kynureninase (325bp): 
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Forward 5’ ATGATGGAGCCTTCGCCTCT 3’ 

Reverse 5’ GGCGTTTGCCTACATCATGG 3’ 

Kynurenine 3-mono-oxygenase (330bp): 

Forward 5’ CTGCACGTGGAAGGAGCATT 3’ 

Reverse 5’ CATCTCGGGGAACCTTGTCA 3’ 

3-hydroxyanthranilate 3,4-dioxygenase (307bp): 

Forward 5’ GCAACAAGCTTATGCACCAGGA 3’ 

Reverse 5’ TCCTCAGTGTCCCCCACGTA 3’ 

Kynurenine aminotransferase (KATII) (283bp): 

Forward 5’ CCTTTCCCAGTGGAAACCAG 3’ 

Reverse 5’ CCCTGAGGAGACGGTTTTTG 3’ 

Kynurenine formamidase (299bp): 

Forward 5’ GTCTTCGGAGGAGCTGGAGA 3’ 

Reverse 5’ CCTGTGCAGTCAGTGGGTTT 3’  

Picolinic acid carboxylase (327bp): 

Forward 5’ TGGCTCGTAGGAATGCCATC 3’ 

Reverse 5’ CTGCTCGCCCAGAGGAAAG 3’ 

Quinolinic acid phosphoribosyltransferase (322bp): 

Forward 5’ TGGCTGCTCCAAGTCACCAT 3’ 

Reverse 5’ GTTCCCCCAAGAGCAGGTG 3’ 
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4.3 Results 
 

4.3.1 Myeloid –derived suppressor cells (MDSCs) can inhibit CD8+ T-cell 
proliferation in vitro in response to cognate peptide presented either by matured 
bone marrow –derived dendritic cells (BMDCs) or by splenic antigen presenting 
cells   
 

We first wanted to establish a reproducible assay to examine the effect of MDSCs on 

CD8+ T-cell proliferation in response to cognate peptide. In the first instance we used 

SIINFEKL-pulsed (100 nM for 2h at 37 oC) BMDCs that were added to the samples 

always at the ratio of 10 splenocytes to 1 of BMDCs. The ratio of MDSC varied from 10:1 

to 1:1 (Figure 1A). T-cell proliferation was assessed using Cyan ADP-multi-colour flow 

cytometer by virtue of CFSE-staining as staining intensity per cell would halve for each 

cell division. The final analysis was done using FlowJo v8.8.6 software (© Tree Star Inc.) 

gating on the live CD8+ B220- cells.  

The results show a MDSC –dependent inhibition of T cell proliferation with the 

inhibition strongest at a 1:1 splenocyte to MDSC ratio. The number and ratio of CD8+ 

B220- cells also go down the more MDSCs are present. 

To simplify the experimental system and remove a source of potential experimental 

variability, we went on to repeat this assay without specially matured BMDCs, instead 

relying on splenic antigen presenting cells. Splenocytes and MDSC were mixed in 

various ratios in the presence of 100 nM of SIINFEKL peptide which showed that MDSCs 

started to have a visible effect when they are present at 1 part to 7 parts of splenocytes. 

When fewer MDSC were used, they did not inhibit the CD8+ T cell proliferation (Figure 

1B). If SIINFEKL peptide was directly added to purified CD8+ T-cells alone or with 

MDSCs, no proliferation above baseline was detectable (data not shown). CpG is known 

to relieve MDSC –mediated T cell suppression in an environment where BMDCs are 

present.235 In the absence of BMDCs, CpG did not relieve T-cell suppression (Figure 1C). 
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4.3.2 Inhibition of CD8+ and CD4+ T-cells by MDSCs is enhanced by additional 
IFNγ 
 

IFNγ has been reported as essential for the inhibitory action of MDSCs.236,237 On 

activation CD8+ T cells produce IFNγ that helps MDSCs to inhibit T-cells. We wanted to 

see whether additional IFNγ can enhance the suppression of CD8+ and CD4+ T cells. 

Splenocytes and MDSCs were used at a 5:1 ratio unless otherwise stated. Where 

relevant, the concentration of recombinant GM-CSF was 1 ng/ml. The SIINFEKL 

concentration in the experiment with CD8+ T-cells was 200 nM and the anti CD3 CD28 

concentration in the CD4+ T cell experiment was 5 µg/ml. 

MDSCs had been purified and placed in wells containing normal R10 media, R10 + IFNγ 

media, or tryptophan and FCS-free media. The cells were incubated for 48h and their 

inhibitory strength was evaluated after mixing them with CFSE-stained splenocytes. 

MDSCs in R10 showed stronger inhibition when given additional GM-CSF for the 

duration of the proliferation assay (Figure 2A). The IFNγ and GM-CSF containing 

samples showed the strongest suppression of CD8+ T cell proliferation of all the groups, 

confirming that the inhibitory function of the MDSCs is dependent on the extracellular 

IFNγ concentration (Figure 2B). Surprisingly, the MDSCs that had been cultured in the 

nutrient-deprived media prior to the proliferation experiment had not lost their 

functionality and still showed almost equivalent suppression of CD8+ T-cell growth to 

the other groups  (Figure 2C).  

When CD4+ T-cell proliferation was examined, the MDSCs did not cause a reduction in 

T-cell proliferation when no IFNγ was added (Figure 2D). This experiment also showed 

that for CD4+ T-cells to be suppressed more MDSCs have to be present, however this 

could be due to the stronger stimulation achieved with CD3 and CD28 antibodies 

compared to stimulation with a cognate peptide. At 5:1 ratio of splenocyte to MDSC with 

IFNγ present, there was minor inhibition of CD4+ T-cell proliferation but at 3:1, there 

was almost no growth of CD4+ T-cells. When IFNγ had not been added to the samples, 

the overall growth of CD4+ without MDSC was also slower. When the MDSCs were 

added in the absence of IFNγ, they did not show any inhibition of CD4+ T-cell 
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proliferation at either concentration. This suggests that IFNγ plays an important role in 

MDSC-mediated inhibition of both CD8+ and CD4+ T-cells.  

 

4.3.3 MDSC –mediated CD8+ T –cell inhibition is proportional to the strength of T-
cell stimulation  
 

In view of our early results suggesting that IFNγ promotes the inhibitory function of 

MDSCs, we decided to investigate whether the strength of the stimulation signal also 

has a significant effect; we hypothesised that either excess IFNγ, other cytokines or even 

cell surface molecules induced by strong antigenic stimuli might affect the suppressive 

strength of the MDSCs. 

In this experiment the ratios of splenocytes to MDSC used were 5:1 and 3:1. The 

SIINFEKL concentrations were 10 nM, 50 nM, 100 nM, 200 nM and 400 nM. At 5:1 ratio, 

there was a clear stimulation-dependent inhibition pattern, whereby stronger 

stimulation resulted in stronger inhibition by the MDSCs (Figure 3A). This result is also 

quantified in Figure 3B where the median fluorescence index (each cell has a 

fluorescence value and the median is the middle value in the distribution of values of all 

all cells) for CFSE-stained CD8+ B220- cells is higher when the SIINFEKL concentration 

is higher, indicating a lower rate of proliferation. The same significance of the results 

was also achieved by calculating the percentage of proliferated CD8+ cells (Figure 3B). 

At 3:1 ratio, the MDSC inhibited strongly irrespective of the strength of the T cell 

stimulation and this was also illustrated quantitatively (Figure 3C and D).   

 

4.3.4 MDSCs utilise arginase and iNOS as a method to inhibit CD8+ T –cell 
proliferation by depleting arginine 
 

Here we show that arginase is present in MDSC and that the known arginase and iNOS 

inhibitors (N-hydroxy-arginine (NHA), (Nω-hydroxy-nor-arginine (NHNA) and L-NG-

monomethyl-L-arginine (L-NMMA)) do not affect its expression (Figure 4A). Arginase is 

expressed by MDSC cultured in R10, but not by B6 splenocytes and weakly by EG7 WT 
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or IDO-transfected cells (Figure 4B). The Coomassie stain of the gel after protein 

transfer is included in Figure 4B to show that the loading was equal even though the α-

tubulin bands are not uniform in the western blot. This was a recurring problem with 

the MDSC western blots.  

When the inhibitors were used in a functional assay in which the cells were incubated 

with 500 µM of each inhibitor for 48h and then pelleted for a colorimetric assay, all 

inhibitors showed minor inhibition of arginase, including the iNOS inhibitor L-NMMA 

(Figure 4C). The effect of the inhibitor was also studied in another functional assay 

where the readout was T-cell proliferation (CFSE division). The iNOS inhibitor L-NMMA 

showed statistically significant relief of MDSC-mediated suppression of T-cell 

proliferation at both MDSC concentrations but the dedicated arginase inhibitors did not 

relieve the suppression (Figures 4F, 4G, 4I). There was, however, an increase in CD8+ 

B220- cell numbers with both NHA and NHNA (Figures 4D and E).  

We also looked into whether an addition of excess arginine can relieve the proliferation 

suppression and also how a media lacking arginine would affect the suppression. At 

both MDSC concentrations the addition of arginine brought no relief to the suppression 

(Figure 4E and H). Interestingly, the cells in arginine-free media proliferated 

considerably better than the cells in normal R10 in the presence of MDSCs (5:1) 

(Figures 4E, 4F, 4H, 4I). The same cannot be seen when the MDSCs are at a higher 

concentration (3:1).  

 

4.3.5 IDO is expressed functionally by HeLa cells in response to IFNγ and a 
putative alternative tryptophan transporter SLC16A4 is up-regulated on 
tryptophan depletion 
 

An alternative tryptophan transport system has been studied in our laboratory for the 

past couple of years.186 It appears to be upregulated in tumour cell lines that have been 

either transfected with IDO or induced with IFNγ to express IDO resulting in rapid 

depletion of tryptophan from their culture media. 
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In this set of experiments we have looked at the expression of SLC16A4, which we 

believe to be the putative tryptophan transporter responsible for our previously 

obtained and published results186, in HeLa WT cells that have been stimulated with 

various concentrations of IFNγ (10, 100, 500, 1000, 10000 u/ml). We have also 

examined what the expression level of IDO is relative to the concentration of IFNγ 

present, and whether the expression is sensitive to the level of available tryptophan. 

Both of these experiments were done for 24h and 48h, and also with added tryptophan 

(48h).  

The expression level of SLC16A4 mRNA remained constant and low after 24h at all IFNγ 

concentrations, possibly because there was still free tryptophan in the media (Figure 5A 

and B). At 48h, when tryptophan has almost completely been consumed, SLC16A4 

expression started to increase in groups stimulated with at least 100 u/ml of IFNγ. Once 

the expression of SLC16A4 had been up-regulated, it was not affected by additional 

IFNγ. Adding tryptophan after 24h of IFNγ stimulation did not prevent an increase in 

the levels of SLC16A4 mRNA detectable 24h later. This indicated that tryptophan 

starvation triggers a pathway leading to SLC16A4 up-regulation that cannot be 

immediately switched off. Repeat experiments using more time points and different 

starting tryptophan concentrations in the media will need to be performed to clarify the 

conditions driving SLC16A4. 

IDO expression is up-regulated in many cells in response to IFNγ stimulation.238 In 

parallel set of experiments we investigated whether its expression was dose-dependent 

and whether once initiated stayed relatively constant. In our hands the expression of 

IDO mRNA expression started within 24h at IFNγ concentration of 100 u/ml and the 

same concentrations were also required for the effect to be detectable after 48h 

(Figures 5C and D). Its levels also were not further raised by additional IFNγ above 

100u/ml unless additional tryptophan was given after 24h which resulted in dramatic 

increase in the expression of IDO mRNA. Interestingly, the expression of IDO did not 

decrease at these time later points even when tryptophan levels were depleted. 

Therefore it seems that the expression of IDO is more sensitive to the tryptophan levels 

at the onset of IFNγ-mediated stimulation but is less dependent on it once the IDO 
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mRNA transcription has commenced. In the presence of non-limiting tryptophan 

concentrations as in the 48h samples with added tryptophan, levels of IDO mRNA 

expression are proportional to the strength of the IFNγ stimulus.  

 

 4.3.6 IDO is up-regulated in MDSCs after IFNγ treatment at the mRNA level but 
not functionally, and they do not express the alternative Trp transporter 
 

We then went on to examine the expression of SLC16A4 and IDO in MDSCs. We were 

interested to see whether IDO is also one of the immunomodulatory mechanisms 

employed by MDSCs in tumour or inflammatory settings and whether they also 

accordingly employ SLC16A4 to improve their ability to take tryptophan up in a 

depleted environment.  

We incubated purified MDSCs (CD11c- Gr1+) in R10+ IFNγ (1000 u/ml), R10 only, or 

kept them in Trp/FCS-free media for 48 hours with or without extra GM-CSF (1 ng/ml) 

during the 48h. The expression of SLC16A4 was not up-regulated against Actin or Hprt 

in any of the samples (not shown), and when the IFNγ or Trp/FCS-free samples were 

compared against the R10 sample, there was no up-regulation either but rather slight 

down-regulation (Figure 6A). IDO mRNA expression in the similarly treated MDSCs is, 

however, increased by more than 10-fold after IFNγ treatment (Figure 6B). 

This led us to test by western blot the IDO protein levels in the cells after the three 

treatments. There was no significant increase in the IDO protein levels except for a 

minor one in the IFNγ –treated cells after the bands were quantified (Figure 6C). Even 

this small increase in IDO protein expression however is not reflected in a measurable 

increase in activity after IFNγ treatment, however, as there is no increase in the 

extracellular kynurenine levels as measured from the cell culture media by HPLC 

(Figure 6D).  
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4.3.7 The kynurenine pathway of IFNγ-treated MDSCs is expressed all the way to 
NAD+ synthesis and they may result in excess 3-hydroxykynurenine production 
 

Even though up-regulation of IDO activity does not seem to contribute to MDSCs’ 

immunomodulatory abilities, we were interested in obtaining a better overview of the 

kynurenine pathway in the context of MDSC metabolism, as there are several 

intermediate metabolites with well-established effects on the immune system e.g. 

driving Treg development160 and T-cell apoptosis.159,222,215 Therefore it would be 

interesting to see whether any of the enzymes responsible for the production and 

catabolism of these metabolites are up- or downregulated in MDSCs potentially 

providing them with yet another immunomodulatory mechanism. 

We amplified IDO, kynureninase, kynurenine mono-oxygenase, 3-hydroxyanthranilate 

3,4-dioxygenase, kynurenine aminotransferase, kynurenine formamidase, picolinic acid 

carboxylase, and quinolinic acid phosphoribosyltransferase of the kynurenine pathway 

enzymes. The enzymes were amplified from purified MDSCs that had been incubated in 

R10, R10 + IFNγ or in Trp/FCS –free media for 48h.  

In the R10-treated cells there is only a weak level of expression of IDO, 3-

hydroxyanthranilate 3,4-dioxygenase and kynurenine aminotransferase so it is unlikely 

that the cells would preferentially make any metabolite in particularly large quantities 

when unstimulated (Figure 7). When the cells have been treated with IFNγ, however, 

the pathway is expressed all the way to the NAD+ synthesis indicating a global 

metabolic up-regulation during IFNγ stimulation. Kynurenine formamidase level was 

low but this step can take place non-enzymatically. There was a clear up-regulation of 

kynurenine mono-oxygenase the enzyme responsible for conversion of kynurenine into 

3-hydroxykynurenine (3-HK). The latter been implicated as one of the factors 

promoting Treg development160 and it is possible that MDSC might make sufficient 3-HK 

to have an effect on any nearby T-cells. Confirmation of this hypothesis would require 

functional studies with quantitative measurements by Q-PCR.  

MDSCs that were incubated in media lacking tryptophan and FCS, did not express the 

complete pathway; picolinic acid carboxylase and quinolinic acid 
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phosphoribosyltransferase were the only enzymes with detectable levels of mRNA 

expression, and therefore probably do not make excess kynurenine metabolites. MDSCs 

in all of these treatment groups were able to inhibit T-cell proliferation: nevertheless 

IFNy-treated cells seemed to have stronger inhibitory capabilities and this may be 

partially attributable to 3-HK production and the subsequent Treg development. 

 

4.3.8 Some essential amino acids can partially rescue CD8+ T -cell proliferation in 
the presence of MDSCs 
 

Since arginine and cystine/cysteine depletion are known methods by MDSCs for their 

inhibitory action122,127, we were interested in studying whether any other essential 

amino acids were taken up and metabolised by MDSCs to either deplete or to produce 

catabolites that modify T-cell function. We hypothesised that if this was the case and 

this process contributed to a significant extent to the MDSCs ability to inhibit T-cell 

proliferation in vivo, then providing an excess of the relevant amino acids should 

prevent this. We therefore devised a functional assay that determined the ability of 

individual amino acids to rescue T-cell proliferation in co-cultures with MDSCs when 

added every 24h into the media - we tested valine, leucine, cystine, phenylalanine, 

tryptophan, arginine, histidine, methionine, tyrosine, threonine, isoleucine and lysine. 

CFSE staining was used to provide an estimate of T-cell proliferation over 72h. The 

concentrations of amino acids added each day were the same as the starting 

concentrations in normal R10 media (valine 170 µM, leucine 380 µM, cystine 200 µM, 

phenylalanine 90 µM, tryptophan 25 µM, arginine 1.1 mM, histidine 97 µM, methionine 

100 µM, tyrosine 130 µM, threonine 170 µM, isoleucine 380 µM and lysine 270 µM).  

The daily addition of histidine, methionine, tyrosine, threonine, isoleucine and lysine 

did not have any effect on MDSC-mediated inhibition of T-cell proliferation either when 

the splenocyte to MDSC ratio was 5:1 or 3:1 (not shown). At either MDSC concentration 

the addition of arginine surprisingly did not have any effect on the inhibition and 

neither did tryptophan (Figure 8A and C). The results were also quantified by 

calculating the MFI and percentage of proliferated CD8+ T-cells and the differences 
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were not significant between the samples despite the visual appearance in the graphs 

(Figure 8B). A larger experiment would be warranted to achieve more certainty as to 

the relief of inhibition after particular amino acid addition. The result with tryptophan 

was expected as the MDSCs do not appear to express or up-regulate active IDO and 

therefore should not consume it to an extent that would affect T-cell proliferation. 

Cystine partially relieved the inhibition at the 5:1 ratio and enabled further T-cell 

proliferation, as was expected from published data which showed that MDSCs sequester 

cystine and do not export the converted product cysteine that T-cells would be able to 

utilise thus depleting them of the amino acid.127 Therefore adding it makes more cystine 

available for other cells, such as macrophages, to convert for T-cells’ use. Cysteine is 

important for T-cell activation so when there is more available, they can probably 

partially overcome MDSC-mediated suppression. Valine, leucine and phenylalanine at 

5:1 also seemed to help to partially relieve the suppression of T-cell proliferation. At the 

3:1 ratio none of the amino acids relieved the MDSC-mediated inhibition (Figure 8C).  

 

4.3.9 Arginine, cystine, valine, leucine and phenylalanine do not appear to rescue 
CD4+ T-cell proliferation in response to anti-CD3 and anti-CD28 in the presence of 
MDSCs 
 

We were also interested whether these findings could be extended in the CD4+ T-cell 

setting and proceeded with devising a similar experiment using the same amino acids as 

in the previously but this time focussing on CD4+ T-cells. DO11.10 splenocytes were 

incubated for 72h with MDSCs made from the D11.10 mouse of the same sex. Due to the 

lack of availability of the OVA peptide (OVA323-339, ISQAVHAAHAEINEAGR) to stimulate 

the cells, we used anti-CD3 and anti-CD28 antibodies (5 µg/sample). This makes the 

CD8+ and CD4+ -based experiments not directly comparable but gives at least an 

indication as to the similarity/difference to the way the two types of T-cells react to the 

addition of the amino acids when MDSCs are present. We used only the amino acids that 

had come up “positive” for relief from the MDSC-mediated inhibition of proliferation in 

the CD8+ T-cell experiment. Again, the amino acids were added every 24h at the 
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concentration that they are normally found in the RPMI 1640 media (see 4.3.8 for 

concentrations). The splenocyte to MDSC ratios used were 5:1 and 3:1.  

Due to the difficulty in solubilising cystine we had to dissolve it first in HCl and despite 

bringing its pH back to 7-7.5, it was often toxic to the cells in culture, making it difficult 

to study its effects in our new model system and compare results with the previous 

experiment. As expected tryptophan did not rescue the CD4+ T-cell proliferation and 

neither did arginine, in concordance with the results for CD8+ T-cells. Surprisingly, 

valine, leucine and phenylalanine had no effect on the T-cell proliferation even during 

milder suppression by the MDSCs at 5:1 (Figure 9A and 9B). Not unexpectedly, there 

was no effect by the amino acids on the CD4+ T-cell proliferation when the MDSC-

mediated suppression was strong at 3:1 (Figure 9C).  

 

4.3.10 MDSCs  inhibit mTOR activity in CD8+ T –cells marginally after 24h but 
enhance it after 48h in the remaining CD8+ T –cells 
 

Considering that MDSCs deplete at least arginine and cystine/cysteine from the 

extracellular amino acid pool, we were interested to see whether this has a detectable 

effect on the T-cell mTORC1 pathway. As mTORC1 activity is known to be inhibited 

when certain essential amino acids are depleted177 and as these include arginine we 

would expect its depletion by MDSCs to result in mTORC1 inhibition.  

Splenocytes and purified MDSCs from sex-matched C57BL/6 mice were mixed at 5:1 

and 2:1 ratios and stimulated with 5 µg of anti-CD3 and CD28 antibody in R10. The cells 

were incubated for 24h and 48h and the live CD8+ B220- cells analysed for levels of 

phosphorylated S6. Three groups were included based on culture media, one of which 

was R10 only, one R10 + 25 µM Trp, and one R10 + Arg 1.1 mM. The amino acids were 

added at the beginning and also 24h into the experiment in the case of the 48h samples.  

After 24h, there is a small reduction in p-S6 levels in the CD8+ T-cells in the R10 only 

samples and this is statistically significant albeit very minor (Figure 10A and C). 

Curiously when either tryptophan or arginine was added, it decreased the pS6 levels 
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somewhat in the samples where MDSCs were not present. If they were present, the 

addition of either amino acid made no difference when compared to the p-S6 levels in 

the samples without MDSCs but with the amino acid (Figure 10A and C). The results 

were even more unexpected after 48h. Instead of the MDSCs inhibiting the p-S6 levels in 

the CD8+ T-cells, they were raised in the cells. These results were statistically 

significant in all samples, with or without added tryptophan or arginine (Figure 10B and 

D). The MDSCs had inhibited the T-cell proliferation during the 48h as judged from the 

cell numbers in Figure 10 but it appears that the remaining cells increased their 

mTORC1 activity as expressed by increased levels of S6 phosphorylation.    
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4.4 Discussion 
 

In this chapter we have looked at another immunosuppressive mechanism involved in 

cancer that has relatively recently been described. Myeloid derived suppressor cells are 

a heterogeneous population consisting of mature and immature myeloid cells, and they 

are found in most patients with cancer.239 One of the mechanisms MDSCs use to inhibit 

T-cell proliferation is by depleting the amino acids arginine and cystine/cysteine from 

their microenvironment.127,240,125  

Arginine depletion is one of the most well characterised mechanisms. L-arginine is the 

substrate for two enzymes; arginase that converts it to urea and L-ornithine, and iNOS 

that produces nitric oxide (NO).233,241 The effects of arginine shortage in the T-cell 

microenvironment include the down-regulation of the T-cell CD3ζ co-receptor and 

decrease of the expression of the cell cycle regulators cyclin D3 and cyclin-dependent 

kinase 4 (CDK4).242,243,121 By producing NO, iNOS in turn suppresses T-cell function by 

inhibiting the phosphorylation of JAK3 and STAT5 in T-cells.123 Other mechanisms 

include the inhibition of MHC class II expression in APCs and the induction of 

apoptosis.124,244 We were interested in looking whether MDSCs can use any other amino 

acids for this purpose, how they affect the mTOR signalling of CD8+ T-cells and how 

dependent their inhibitory ability is on the strength of activation of effector cells. 

We started by looking at mouse MDSCs and whether their inhibitory capability in vitro 

was influenced by the presence of matured BMDCs. Most studies involving MDSCs so far 

have been in vivo or have used BMDCs to act as APCs to the effector T-cells. We wanted 

to see whether a simpler in vitro assay could be used for studies in which we evaluated 

what the effect of different amino acid concentrations in the media had on the function 

of either MDSCs or effector cells in the same sample. By not having additional BMDCs in 

the cultured samples, we could ignore any effect matured BMDCs may have on the 

media and remove an additional source of variability as they would have had to be 

derived from a different animal than the one providing the effector cells. 

The control assay involving BMDCs showed an MDSC dose-dependent inhibition of 

CD8+ T-cell proliferation with the strongest inhibition observed at a ratio of 1:1 of 
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purified CD8+ to MDSC. We then went on to show that without BMDCs, using 

unseparated splenocytes instead to provide both the APCs and the T-cells, the ratio of 

whole splenocytes to MDSC needed for almost complete inhibition of CD8+ T-cells was 

between 5:1 or 7:1. As the CD8+ T-cells would have constituted between 10 to 15 % of 

the unseparated splenocyte population, this indicates that somewhat higher amounts of 

MDSCs were necessary to obtain similar levels of inhibition. Whether this was due to 

impaired cell-cell contact secondary to the increased number of non-effector non-MDSC 

cells in the well, or to the lack if mature BMDCs or to some other factor remains to be 

established. In any case we can conclude that MDSCs can inhibit CD8+ T-cell 

proliferation in the absence of mature BMDCs albeit with reduced efficacy. 

CpG was also used as a control to inhibit the MDSC activity as has been reported, 

although we saw no inhibition when mature BMDC were not used.235,245 This lack of 

inhibition of MDSC activity is not surprising, though in the light of results showing that 

CpG-mediated inhibition of MDSC activity is due to the activation of TLR9 on DCs 

(particularly plasmacytoid DCs (pDCs)).235 On engagement of TLR9 the pDCs produce 

IFNα that enables the maturation of MDSCs into macrophages that do not suppress T-

cell proliferation.235 In the absence of mature BMDCs able to respond to CpG no IFNα 

will be produced and as a result the suppressive activity of MDSCs is not affected. 

We chose to use the 5:1 ratio of whole splenocytes to MDSCs, and in subsequent 

experiments this is what was used unless otherwise mentioned. We went to confirm 

that IFNγ is needed for the inhibitory activity of MDSC since its addition clearly 

enhanced it. Its effect was even more pronounced in inhibiting CD4+ T-cell proliferation 

as they would not normally secrete as high levels of IFNγ as CD8+ T-cells. There was no 

inhibition of CD4+ T-cell proliferation without IFNγ even at the highest concentration of 

MDSCs (3:1). This dependency of MDSCs inhibitory ability on IFNγ has been 

documented by others too 237,246 and it has been suggested that it is required for the 

activation of iNOS in the MDSC 247 or the induction of IL-4 and IL-13 production by 

MDSC that then induce arginase I expression.246 However, our results for CD4+ cells 

were conducted in the presence of CD3 CD28 antibodies, and not the cognate peptide 

and this may have had an effect on the sensitivity of the cells to IFNγ. In our experience 
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the cells respond very strongly to the antibodies and subtle differences with added IFNγ 

may therefore go unnoticed. Therefore any future work for comparison should be 

performed with the cognate peptide in order to achieve equal stimulation. 

Next we wanted to look at the dependency of MDSC activity on the strength of CD8+ T-

cell stimulation. We used OT-I splenocytes and MDSC for this experiments and titrated 

the SIINFEKL cognate peptide to see whether this could affect the MDSC function. We 

saw that the MDSCs inhibited more strongly at higher peptide concentrations but this 

was only clearly visible when the MDSC concentration was at 5:1. This was not due to 

exhaustion of the T-cells by the stronger stimulation as without MDSCs they 

proliferated normally. The effect was not as clear anymore at higher MDSC 

concentrations – where inhibition might have been maximal in any case. All groups 

were supplemented with an equal amount of IFNγ at the beginning of the experiment 

but it is possible that the effect could be due to increased amounts of IFNγ secreted by 

the CD8+ T-cells in response to the stronger stimulation. Alternatively the increase in 

stimulation might have led to increased production of reactive oxygen species or 

nitrogen species along the increase in stimulation. It is also possible that the inhibitory 

function of MDSCs requires reaching a certain threshold of T-cell activation before they 

become functionally inhibitory. There may be a higher ‘licensing’ signal that is required 

before the MDSCs can become inhibitory as a safety mechanism to prevent inhibition in 

environments that have low inflammation. Further investigations will have to be done 

to establish the cause and it would also be interesting to repeat this assay using a trans-

well plate that allow physical separation of the splenocytes and MDSCs preventing cell-

cell contact. This would give an indication as to whether the inhibition is contact-

dependent or mediated by soluble factors. In any case, these results further enhance the 

notion that the function of MDSCs is strongest when they are present in an 

inflammatory environment as suggested by Haverkamp et al. 237 and it is not dependent 

on DCs. 

We then moved on to investigate the amino acid aspect of MDSC-mediated inhibition, 

and proceeded to confirm the expression of arginase in MDSCs. We could not see 

marked inhibition of MDSC activity with the arginase inhibitors we used; only some 
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with the iNOS inhibitor L-NMMA suggesting that iNOS activity in MDSCs is more potent 

as an inhibitory mechanism than arginase activity. We could not give all the inhibitors 

together at the same concentration due to toxicity to the cells. Interestingly it turned out 

that the MDSCs did not suppress well in assays that lacked arginine completely. This 

raises the possibility that the presence of arginine itself is not as important to the T-cells 

and it is the arginine metabolites that actually inhibit the T-cell proliferation. At higher 

MDSC concentration (3:1), other MDSC-mediated suppression mechanisms probably 

override the benefit of not having arginine-derived metabolites around as T-cell 

proliferation was almost completely abolished.  

Our research group recently discovered that IDO+ tumour cells can increase their 

uptake of tryptophan by up-regulating an additional tryptophan transporter.186 This 

enables cancer cells to take up tryptophan from the environment more efficiently than 

T-cells that do not express it. Combined with IDO expression by tumour cells, the up-

regulation of the additional transporter results in rapid depletion of tryptophan, 

conferring a significant disadvantage to T-cells as they are forced to use less efficient 

transporters, such as System L. Although this transporter has not yet been conclusively 

identified, data from experiments in our laboratory suggest the monocarboxylate 

transporter 5 (SLC16A4) as a strong candidate for this role. 

We have shown the upregulation of the transporter here in IFNγ-stimulated HeLa cells 

which up-regulate it under low tryptophan conditions within 48h. IDO mRNA was also 

up-regulated but more rapidly -within 24h. At this point tryptophan had not yet been 

completely consumed so SLC16A4 expression was low. As soon as tryptophan in the 

media ran out the expression of the transporter went up.  Interestingly IDO mRNA 

expression is not reduced when tryptophan is depleted within the time-frame we used. 

Since MDSCs are able to survive within a tumour microenvironment, and are known to 

use amino acid-depleting mechanisms, it is conceivable that they might also express IDO 

when stimulated by IFNγ and take advantage of the high affinity tryptophan transport 

system in a tryptophan-low setting. Somewhat surprisingly then, while MDSCs express 

IDO mRNA after IFNγ stimulation, they do not produce the functional protein. They also 

do not up-regulate the SLC16A4 in a tryptophan-low environment. Therefore it does not 
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look like MDSCs utilise IDO in their repertoire to inhibit T-cells or SLC16A4 as an aide 

with which to survive in the tumour microenvironment. They up-regulate IDO mRNA 

but this does not seem to translate into enzymatic activity at least within the time scale 

we have looked at. 

Although IDO itself does not appear to be up-regulated by the MDSCs, this did not 

preclude the possibility that other tryptophan breakdown products might be produced 

and accumulated via changes in expression of other members of the tryptophan 

catabolic pathway. We therefore proceeded to examine the expression of the 

kynurenine pathway enzymes in the MDSC. There was a generalised up-regulation of 

the pathway in the IFNγ -treated cells that would appear to lead to NAD+ synthesis, and 

this was consistent with what we would expect to see in a cell with increased metabolic 

demands due to interferon stimulation. We did detect, however, proportionally stronger 

up-regulation of kynurenine mono-oxygenase –the enzyme responsible for 3-HK 

production, so it is conceivable that this metabolite could accumulate in amounts 

sufficient to cause T-cell inhibition. These results were not quantitative, however, so 

expression levels would have to be confirmed by quantitative PCR.  

Since IDO and tryptophan depletion were not additional mechanisms that MDSCs 

employ to inhibit T-cells, we looked at the possibility that other essential amino acids 

could be taken up by MDSCs similarly to arginine and cystine/cysteine. We tested many 

amino acids and discovered that addition of valine, leucine and phenylalanine 

suppressed MDSC activity slightly in vitro. While these results were not statistically 

significant as the strength of relief varied from experiment to experiment they do, 

however, show an interesting phenomenon and illustrate that other amino acids have 

the potential to alter MDSC-mediated T-cell inhibition. For valine this effect may be due 

to the fact that it is a known arginase inhibitor248 in high concentrations, which then 

partially inhibits the arginase function of the MDSCs. Leucine in turn inhibits arginine 

transport via the transport system y+L in Xenopus oocytes249 and may have the same 

effect in mouse cells thus partially blocking arginine depletion employed by the MDSCs. 

The effect of phenylalanine can possibly be attributed to a similar phenomenon as it 
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shares its transporter with arginine in oocytes250 and therefore may prevent arginine 

uptake also in mouse MDSCs.  

It is noteworthy that these effects were not seen in CD4+ T-cells demonstrating an 

interesting difference between the T-cell subtypes. Although MDSCs do inhibit CD4+ T-

cell proliferation, it is clear that processes such as increased ROS production play a 

much more significant role than amino acid depletion. CD8+ T-cells on the other hand 

seem more dependent on amino acid availability and are therefore more receptive to 

the addition of amino acids during the experiment. Again, however, these experiments 

would have to be carried out with the cognate peptide as stimulation to provide a fair 

comparison. 

Lastly we studied the effect of MDSCs on the mTORC1 signalling pathway of activated 

CD8+ T-cells. Since MDSCs deplete arginine and cystine/cysteine from their micro-

environment, we hypothesised that starvation of these amino acids should result in 

detectable inhibition of the mTORC1 axis in T-cells. We could indeed see slight inhibition 

of mTOR after 24h but significant activation after 48h. There had been clear inhibition of 

proliferation of the CD8+ T-cells but it appeared that the remaining cells had increased 

their mTOR activity. This is an interesting result and would be consistent with recent 

studies that have demonstrated reactivation of the mTORC1 pathway under conditions 

of prolonged starvation to limit autophagic processes.251,252 The addition of tryptophan 

or arginine did not relieve the mTOR inhibition, however, indicating that the other toxic 

effects of MDSCs such as NO and ROS, were likely responsible for the effects on the 

mTORC1 pathway and further experiments – including shorter time courses and 

inhibitors of iNOS would be needed to establish the cause and significance of the effects 

on mTORC1. These experiments were done with anti CD3 and CD28 stimulation and it 

would be interesting to see whether there was a difference if the T-cells were stimulated 

with the cognate (SIINFEKL) peptide. The signalling cascade between these two 

methods is different and may affect how much the MDSC are able to inhibit the T-cells. 

The ability of the MDSC to affect the mTOR (e.g. timescale and strength) in T-cells could 

therefore be different due to the different stimulation state of the T-cell.
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Figure 1. Inhibition of mouse CD8+ B220- splenocyte proliferation by myeloid derived
suppressor cells.  A) i) MDSCs inhibit DC-stimulated CD8+ T-cells proportionally. ii) A quantitative 
representation of the proliferation. The proliferation index was calculated as the total number of divisions 
divided by the the number of cells that went into division. B) Low concentration of MDSCs in the absence 
of DCs do not inhibit OT-I splenocyte proliferation. C) Higher concentrations 
of MDSC inhibit OT-I proliferation but CpG does not rescue it in the absence of DCs. Results 
are representative of at least two separate experiments. 
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Figure 2. Effect of IFNγ and GM-CSF on the inhibitory 
capability of mouse MDSCs. A) Effect of post-purification
addition of GM-CSF on MDSC inhibitory strength on 
CD8+ T-cell proliferation. B) Effect of post-purification 
addition of IFNγ on MDSC inhibitory strength on CD8+ T-cells. 
C) Effect of 48h incubation in tryptophan and serum- free media
on MDSC inhibitory capability on CD8+ T-cells. The addition of 
IFNγ and GM-CSF enhances inhibition significantly as measured 
from the proliferation index of CD8+ cells. D) IFNγ is crucial to 
MDSC inhibition of CD4+ T-cell proliferation too. Duplicate samples with 
statistics with 1-way ANOVA and Dunnett’s post test. In D all samples stimulated with anti CD3 CD28 unless 
legend says “no stimulation”.
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Figure 3. MDSCs inhibit CD8+ T cell proliferation more 
strongly when T-cell stimulation is stronger. A) CD8+ T-cell
proliferation when splenocyte to MDSC ratio 5:1. Inhibition is
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Figure 4. Arginase expression and its effect on MDSC inhibitory ability. A) Arginase expression 
(red frame) is not affected by arginase inhibitors; 1. MDSC (DO11.10) in R10 (48h), 2. NHA, 3. NHNA, 4. NMMA.
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Figure 5. Alternative Trp-transporter 
SLC16A4 is up-regulated on tryptophan
depletion but IDO expression remains 
unaffected by it and by the increase in 
IFNγ.  A) SLC16A4 expression in HeLa WT
cells after stimulation with IFNγ. Plotted 
also against kynurenine and tryptophan
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Figure 7. Kynurenine pathway expression in
MDSCs by PCR. The first nine samples had been incubated in 
R10 for 48h, the second nine with added IFNγ (1000u/ml), and
the last nine in media lacking tryptophan and FCS. The last 
sample is a positive control for IDO from IDO- transfected 
EG7 cells. Enzymes in green in the diagram are strongly 
expressed in MDSCs treated with IFNγ whereas enzymes in 
brown are expressed more weakly or not at all.
IFNγ -treated MDSCs express the kynurenine pathway
all the way to NAD+ synthesis, whereas untreated cells (R10)
stop at the kynurenine to 3-hydroxykynurenine step. MDSC
that have been in Trp/FCS -free media only express picolinic
acid carboxylase and quinolinic acid phosphoribosyltransferase.   
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Figure 9. Addition of amino acids does not relieve inhibition of CD4+ T-cell
proliferation. A) DO11.10 splenocyte to MDSC ratio 5:1. None of the amino acids that relieved 
CD8+ T-cell inhibition, relieved CD4+ T-cell proliferation, B) Proliferation index of CD4+ cells when
the splenocyte:MDSC ratio is 5:1. There are no significant differences between the added amino
acids indicating that they cannot relieve MDSC-mediated inhibition in this setting. Cystine is
not included because it was not possible to calculate its proliferation index due to low cell
numbers. C) Splenocyte to MDSC ratio 3:1. No relief of inhibition by amino acids.  Cell numbers (#) 
represent CD4+ B220- cells out of all live cells. Duplicate samples statistically analysed 
with 1-way ANOVA and Dunnett’s post test. p<0.05. Figures representative of two separate experiments.
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Figure 10. MDSCs inhibit mTOR activity in CD8+ T-cells after 24h but increase it after 48h in the 
remaining cells. Addition of neither tryptophan or arginine can enhance mTOR activity. The T-cells were 
stimulated with CD3 CD28 antibodies. A) and B) CD8+ B220- cells (% and # of all live cells) were analysed for p-S6 levels 
after 24h and 48h with and without added tryptophan and arginine. C) For 24h samples the quantitative analysis was 
done using the median fluorescence index (MFI, measuring the fluorescence intensity of the population of cells) as 
the peaks were fairly unimodal. D) For 48h samples the analysis was done using the percentage of p-S6+ CD8+ B220- 
cells.  Statistical analysis (p<0.05) was 1-way ANOVA. Error bars shown are standard deviations of triplicate samples. 
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               Chapter 5: Concluding remarks and future directions 
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In recent years, it has become apparent that IDO and tryptophan metabolites that are 

formed along the kynurenine pathway play a significant role in the process of tumour 

evasion adding to the repertoire available to cancer cells for circumventing detection 

and/or destruction.  

The role of tryptophan metabolites is an emerging area in tumour immunology. In the 

course of this project we identified 3-HAA as a molecule that at first glance appeared to 

have potential as the basis for a clinically useful IDO inhibitor. While this proved not to 

be the case, we came across its previously possibly unappreciated physiological role in 

the self-regulation of the tryptophan pathway. It would be interesting to further 

examine whether H2O2 is normally produced to any significant extent in cells in which 

the kynurenine pathway is particularly active. Tumour cells in particular would be an 

interesting target if their kynurenine pathway is only active up to the production of 3-

HAA. It would be illuminating to examine whether this is another mechanism by which 

the tumour cells can affect the effector T-cells, or other immune cells, around them. This 

could possibly be achievable by measuring the H2O2 levels directly in the culture media. 

The expression of kynurenine pathway enzymes could be analysed quantitatively by Q-

PCR. So far, we have only done this by reverse transcription PCR.  

We went on to carry out a detailed study of the effects of different kynurenines on 

activated T-cells in the mouse system. While the results were not conclusive they did 

provide useful pointers for future research projects in particular with regards to 

potential involvement of a putative mTORC1-GCN2 axis. In order to achieve comparable 

results between the CD4+ and CD8+ T-cells, the experiments with CD4+ T-cells would 

have to be repeated with their cognate peptide as activation stimulus. Here we have 

only used CD3 and CD28 antibodies, which produce strong activation, which may 

override subtle differences that could be seen with the cognate peptide stimulus. In 

addition, when CD4+ were exposed to the kynurenines when looking at the 

development of Tregs, the cells were only cultured for 3 days. Therefore in order to 

obtain more reliable results for Treg development, the assay would have to be repeated 

and extended to at least seven days, as published reports have done. It would probably 

be beneficial to do a side-by-side comparison at same time with the two different 



 157 

stimuli, CD3 CD28 antibodies and the cognate peptide, to see whether this matters in 

terms of Treg development. One of the more interesting results is definitely the potential 

of the kynurenines to affect the GCN2 pathway. More work in this area would definitely 

be warranted as it would provide a new angle on how at least tryptophan starvation is 

detected, and how tumour cells can exploit this by first inhibiting protein synthesis via 

mTOR and then by GCN2 too. To start with, these experiments could be done by 

titrating the different kynurenines to see whether the response is dose-dependent, but 

also to look at the levels of the active (phosphorylated) GCN2 directly by western blot or 

immunoprecipitation to see whether the effect of the kynurenines comes from the GCN2 

or whether it is a stress signal via e.g. the PERK-pathway. These alternative pathways 

could also be looked at by e.g. western blot or immunocytochemistry. 

Finally we looked into more detail in the mechanisms employed by MDSCs to achieve 

inhibition of T-cell proliferation. In particular, we investigated whether amino-acid 

depletion-orientated processes played a significant role and succeeded in excluding IDO 

expression from the list of potential methods used.  Moreover in our assays the effect of 

replenishing amino-acids such as arginine, whose depletion is widely believed to be one 

of the main mediators of MDSCs’ inhibitory capacity, did not rescue proliferation to the 

expected extent. Intriguingly, carrying out the assay in arginine-free media actually 

impeded the inhibitory capacity of MDSCs suggesting a significant role for arginine 

catabolites such as NO. In this chapter we looked at both CD8+ and CD4+ T-cells and 

again, in order for the results to be directly comparable, the experiments with CD4+ 

would have to be repeated with the cognate peptide as stimulus. Interesting results 

were obtained with CD8+ T-cells and MDSC when the the T-cells were stimulated with a 

range of cognate peptide concentrations. The fact that the stronger the stimulus, the 

stronger the inhibition by MDSCs, is an intriguing one. It would be worth investigating 

this more by trying to find the source for these results. A quick way would be to look by 

ELISA at the concentration of IFNγ in the media, that is, whether by giving the T-cells a 

stronger activation signal, they produce more of the cytokine, which in turn is required 

by the MDSC to function effectively. Another way, would be to look at the levels of ROS 

production and see whether with a stronger activation signal, the MDSC are 

‘encouraged’ by the T-cells to produce more of these radicals, leading to dampening of 
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T-cell proliferation. Also, it would be interesting to do the original assay in a transwell-

plate to ascertain whether the reaction is contact-dependent or mediated by soluble 

factors.  

The amplification of kynurenine pathway enzymes in MDSCs should also be repeated by 

doing Q-PCR since our results indicated the possibility that after IFNγ exposure the cells 

seem to express more kynurenine mono-oxygenase that produces 3-

hydroxykynurenine. If the results showed more of this enzyme, it could be another 

mechanism to cause T-cell toxicity. Although the results with T-cells and MDSCs with 

the addition of certain amino acids to relieve MDSC-mediated inhibition were not 

conclusive, it would be exciting to confirm the results we obtained by competitive 

transport assays in MDSCs, to see whether leucine and phenylalanine really compete 

with arginine transport as suggested by research in oocytes.  

Overall we believe our results demonstrate the importance of amino acid catabolic 

pathways in the process of immune evasion and provide useful starting points for 

research towards concrete clinical applications in the fight against cancer. 
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Appendices 
 

mouse              1 MALSKISPTEGSRRILEDHHIDEDVGFALPHPLVELPDAYSPWVLVARNL     50 
                         .....|.|..|.:::||||:||||||:|...|||.|:.|:.:|::| 
human              1 ----MAHAMENSWTISKEYHIDEEVGFALPNPQENLPDFYNDWMFIAKHL     46 
 
mouse             51 PVLIENGQLREEVEKLPTLSTDGLRGHRLQRLAHLALGYITMAYVWNRGD    100 
                     |.|||:|||||.||||..||.|.|..|:.||||.|.||.|||||||.:|. 
human             47 PDLIESGQLRERVEKLNMLSIDHLTDHKSQRLARLVLGCITMAYVWGKGH     96 
 
mouse            101 DDVRKVLPRNIAVPYCELSEKLGLPPILSYADCVLANWKKKDPNGPMTYE    150 
                     .|||||||||||||||:||:||.|||||.|||||||||||||||.|:||| 
human             97 GDVRKVLPRNIAVPYCQLSKKLELPPILVYADCVLANWKKKDPNKPLTYE    146 
 
mouse            151 NMDILFSFPGGDCDKGFFLVSLLVEIAASPAIKAIPTVSSAVERQDLKAL    200 
                     |||:||||..|||.||||||||||||||:.|||.||||..|::.|:...| 
human            147 NMDVLFSFRDGDCSKGFFLVSLLVEIAAASAIKVIPTVFKAMQMQERDTL    196 
 
mouse            201 EKALHDIATSLEKAKEIFKRMRDFVDPDTFFHVLRIYLSGWKCSSKLPEG    250 
                     .|||.:||:.||||.::|.::.|.|:|..||.||||||||||.:.:|.:| 
human            197 LKALLEIASCLEKALQVFHQIHDHVNPKAFFSVLRIYLSGWKGNPQLSDG    246 
 
mouse            251 LLYEGVWDTPKMFSGGSAGQSSIFQSLDVLLGIKHEAGKESPAEFLQEMR    300 
                     |:|||.|:.||.|:||||||||:||..||||||:..||....|:|||:|| 
human            247 LVYEGFWEDPKEFAGGSAGQSSVFQCFDVLLGIQQTAGGGHAAQFLQDMR    296 
 
mouse            301 EYMPPAHRNFLFFLESAPPVREFVISRHNEDLTKAYNECVNGLVSVRKFH    350 
                     .||||||||||..|||.|.|||||:|:.:..|.:||:.||..|||:|.:| 
human            297 RYMPPAHRNFLCSLESNPSVREFVLSKGDAGLREAYDACVKALVSLRSYH    346 
 
mouse            351 LAIVDTYIMKPSKKKPTDGDKSEEPSNVESRGTGGTNPMTFLRSVKDTTE    400 
                     |.||..||:.|:.::|.:...||:||.:|::|||||:.|.||::|:.||| 
human            347 LQIVTKYILIPASQQPKENKTSEDPSKLEAKGTGGTDLMNFLKTVRSTTE    396 
 
mouse            401 KALLSWP    407 
                     |:||... 
human            397 KSLLKEG    403 
 

Length: 407 
# Identity:     247/407 (60.7%) 
# Similarity:   306/407 (75.2%) 
# Gaps:           4/407 (1.0%) 
# Score: 1274.0 

 

 

 

      Appendix I. Sequence identity between mouse and human IDO proteins. Analysis performed    
      with Needle pairwise alignment using the following IDO sequences: mouse NM_008324.1, human    
      NM_002164.5. 
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