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Abstract 
A large proportion of human tumours exploit tryptophan catabolism as a means to suppress 

T cell activity in the tumour microenvironment. However, the mechanisms that allow 

tumour cells to resist the detrimental effects of local tryptophan depletion have so far 

remained obscure. Here we demonstrate that shortage of tryptophan induced by the 

expression of tryptophan-degrading enzymes indoleamine 2,3-dioxygenase (IDO) and 

tryptophan 2,3-dioxygenase (TDO) results in ATF4-dependent reprogramming of the 

amino acid transporter expression profile in tumour cells. Specifically, we show that 

tumour cells undergoing tryptophan starvation enhance the expression of several amino 

acid transporters including SLC1A5 and its truncated isoforms through activation of the 

ATF4 stress response pathway. While upregulation of SLC1A5 leads to improved 

glutamine and tryptophan uptake, the knockdown of this amino acid transporter inhibits 

tumour cell proliferation under low tryptophan conditions. In contrast to tumour cells, T 

cells fail to upregulate SLC1A5 during tryptophan starvation, but can enhance its 

expression upon cognate antigen T cell receptor engagement. SLC1A5 expression is also 

enriched in T regulatory cells and IDO-expressing dendritic cells, as well as in tumours 

growing under conditions of IDO-mediated tryptophan degradation in vivo. Finally, 

SLC1A5 expression correlates with IDO expression in several human tumours in silico, 

which is associated with poor prognosis in brain lower grade glioma. In conclusion, our 

results highlight key differences in the ability of tumour cells and T cells to adapt to 

tryptophan starvation and shed light on the previously unappreciated role of amino acid 

transport in IDO- and TDO-mediated immune escape. 
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CHAPTER 1: Introduction and aims of the project  

 

1.1. Immune system: a brief overview 

1.1.1. Myeloid and lymphoid lineages 

The immune system is comprised of a complex network of organs (such as thymus, bone 

marrow and lymph nodes), cells and molecules, which function to provide defense against 

infectious organisms and other potentially damaging elements. The immune response can 

be broadly classified into the innate and adaptive immunity. The cells of the immune 

system originate in the bone marrow and derive from a common hematopoietic stem cell, 

which gives rise to erythroid, myeloid and lymphoid lineages. The erythroid lineage 

includes red blood cells and megakaryocytes, which distribute oxygen to body tissues and 

play a role in blood coagulation, respectively. Myeloid lineages, on the other hand, include 

the inflammatory and phagocytic cells of the innate immunity – granulocytes (neutrophils, 

eosinophils, basophils and mast cells), macrophages and dendritic cells (DCs), while 

lymphoid lineages include T lymphocytes, B lymphocytes and NK cells. Notably, both 

myeloid and lymphoid lineages can give rise to DCs (DeFranco et al., 2007). 

1.1.2. Innate immunity 

1.1.2.1. Pattern recognition receptors and the inflammatory response 

Cells of the innate immune system are able to recognise foreign bodies through expression 

of pattern recognition receptors (PRRs) that bind to conserved microbial components. 

PRRs can be classified into membrane-bound PRRs, which include Toll-like receptors 

(TLRs) and C-type lectin receptors, and cytoplasmic PRRs, such as NOD-like receptors 

(NLRs) and RIG-I-like receptors (DeFranco et al., 2007). PRRs are designed to facilitate 
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recognition of a wide range of pathogens. TLRs, for example, are able to recognise diverse 

ligands both at the cell surface and intracellularly, including bacterial lipopolysaccharide 

(LPS), peptidoglycan, lipoteichoic acid, lipoarabinomannan and flagellin, as well as nucleic 

acids, such as viral double-stranded RNA (dsRNA) (Takeda et al., 2003). NLRs, on the 

other hand, specialise in recognising the substructures of bacterial peptidoglycan, among 

other ligands (Ferrand and Ferrero, 2013). PRR activation in tissue macrophages, mast cells 

and DCs induces initiation of the inflammatory immune response through production of 

numerous inflammatory mediators, including cytokines (e.g. tumour necrosis factor (TNF), 

interleukin 1 (IL-1), IL-6 and interferon (IFN)), chemokines (e.g. C-C motif chemokine 

ligand 2 (CCL2), CCL3, CCL5 and C-X-C motif chemokine ligand 8 (CXCL8)), lipid 

molecules (e.g. prostaglandin I2 (PGI2), PGE2 and leukotriene B4) and vasoactive amines 

(e.g. histamine) (DeFranco et al., 2007). These mediators increase vascular permeability 

and modulate the adhesive properties of the endothelium to attract more immune cells to 

the site of inflammation, as well as activate the incoming immune cells to stimulate their 

microbicidal functions. CXCL8, for example, promotes the recruitment of neutrophils – 

one of the first cells to arrive at the site of infection, which employ several killing 

mechanisms, including the production of reactive oxygen species through respiratory burst 

and phagocytosis (Kolaczkowska and Kubes, 2013). The latter is triggered by the activation 

of phagocytic receptors, such as mannose receptor and dectin-1, expressed on 

macrophages, DCs and neutrophils. Phagocytosis involves actin polymerization-mediated 

engulfment of the foreign body, its internalization through phagosome formation, and 

destruction of the phagosomal content via fusion with lysosomes and primary and 

secondary granules. Such granules contain numerous microbicidal mediators, including 

several proteases, defensins and the peptidoglycan-degrading lysozyme, among many 

others (DeFranco et al., 2007). 
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Activation of the complement cascade represents another important function of the innate 

immune system, which can be triggered by the formation of antibody-antigen immune 

complexes (classical pathway), by mannose-binding lectin and ficolin interaction with their 

ligands (lectin pathway), as well as through direct complement binding to the microbial 

surface (alternative pathway). The complement cascade involves approximately 30 serum 

and membrane proteins and can facilitate foreign substance destruction through multiple 

mechanisms, including the induction of inflammation, chemoattraction, phagocytosis and 

promotion of antibody generation. In addition, complement system plays a role in apoptotic 

cell clearance and the prevention of antibody-antigen complex accumulation (DeFranco et 

al., 2007).  

1.1.2.2. Dendritic cells 

DCs are specialised phagocytic cells that play a key role in the activation of the adaptive 

immune response through a process termed antigen presentation. Immature DCs reside in 

the peripheral tissues, where they constantly probe their tissue environment for potentially 

dangerous elements through expression of an arsenal of phagocytic receptors, including 

several TLRs, C-type lectin receptors, complement and Fc receptors. Antigens taken up by 

DCs are processed intracellularly and presented on the cell surface in the form of peptide-

major histocompatibility complex (MHC) complexes. Importantly, antigen presentation can 

be classified into the endogenous and exogenous pathways, mediated by MHC class I and 

MHC class II molecules, respectively.	
  While (endogenous) peptide fragments produced in 

the cytosol are presented by MHC class I molecules expressed on almost all cells, MHC 

class II molecules, which acquire their peptide fragments in endosomes, are mainly 

expressed by professional antigen presenting cells (APCs) – DCs, macrophages and B cells 

(DeFranco et al., 2007). Notably, immature tissue-resident DCs express low levels of MHC 

class II molecules but high levels of chemokine receptors CCR1, CCR2 and CCR5, which 
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allow their recruitment into the sites of infection/injury. Maturation of DCs can be triggered 

by microbial signals, such as LPS or dsRNA, inflammatory mediators, such as TNFα, IL-

1β, IL-6 and PGE2, as well as mechanistic injury or necrosis (DeFranco et al., 2007; 

Mellman and Steinman, 2001). Upon maturation, DCs downregulate their phagocytic 

activity, upregulate cell surface expression of MHC class I and class II molecules, as well 

as cluster of differentiation (CD)40 and costimulatory molecules of the B7 family B7-1 

(CD80) and B7-2 (CD86), and replace the receptors for inflammatory chemokines by 

CCR7, which facilitates DCs migration to T cell-rich zones of the lymph nodes, where they 

can present their antigens to T cells. DCs maturation in the presence of infection is also 

associated with the secretion of pro-inflammatory cytokines (e.g. IL-12, IFNα) and 

chemokines (e.g. TARC, RANTES, MIP-1α) (DeFranco et al., 2007; Mellman and 

Steinman, 2001). 

1.1.3. Adaptive immunity 

1.1.3.1. Lymphocyte antigen receptors 

While cells of the innate immune system recognise antigens through a limited repertoire of 

receptors detecting conserved constituents of microorganisms, T and B lymphocytes, which 

represent the adaptive arm of the immune response, are able to recognise a myriad of 

different antigens through the expression of a single receptor, the T cell receptor (TCR) or 

B cell receptor (BCR), respectively, with a virtually unlimited repertoire of variants. This 

diversity is achieved during lymphocyte development in the thymus through a process 

called V(D)J recombination, by which T cells and B cells randomly assemble different 

combinations of distinct gene segments (variable (V), diversity (D) and joining (J) genes), 

each found in multiple copies, in order to generate unique antigen receptors, which 

collectively provide specificity for different antigens (DeFranco et al., 2007). Another 
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unique feature of the adaptive immune response is generation of immunological memory – 

the ability of the immune system to mount a stronger attack upon repeat antigen exposure. 

1.1.3.2. Antigen recognition by T cells 

αβT cells (further referred to as T cells) recognise antigens through binding of their αβTCR 

(a heterodimer composed of an α and β chain) to peptide-MHC complexes presented by 

APCs. There are two major T cell subsets – the MHC class I-restricted CD8+ cytotoxic T 

lymphocytes (CTLs) and the MHC class II-restricted CD4+ T helper (Th) cells. 

Commitment to CD8/CD4 T cell lineage occurs during T cell development in the thymus, 

where early lymphoid progenitors undergo positive and negative selection based on their 

affinity for ligand-MHC complexes. During this key process thymocytes expressing TCRs 

recognising self-peptide-MHC complexes with sufficient affinity get positively selected, 

while strong binding to self-peptide-MHC complexes leads to thymocyte negative selection 

and cell death by apoptosis (DeFranco et al., 2007). Notably, in the periphery, recognition 

of a specific peptide-MHC complex by the TCR (signal 1) is not sufficient for the induction 

of naïve T cell activation, as it also requires costimulation (signal 2), which is facilitated by 

the interaction of CD28 receptor on T cells with one of the costimulatory molecules of the 

B7 family, B7-1 (CD80) or B7-2 (CD86). B7-1 and B7-2 are expressed abundantly on 

professional APCs, particularly mature DCs (June et al., 1994). Of note, these molecules 

can also provide inhibitory signals to T cells by binding to the cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) receptor on their surface, which is homologous to CD28 

(Krummel and Allison, 1995). Importantly, T cell activation in the absence of costimulation 

or in the presence of strong inhibitory signals can lead to T cell anergy – the state of 

unresponsiveness characterised by incomplete activation and low IL-2 production (Crespo 

et al., 2013). In addition to the CD28:B7 interaction, T cell activation is assisted by the 

CD40L:CD40 interaction, and the CD4 and CD8 T cell coreceptors, which bind to the 
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invariant regions of the MHC class I and MHC class II molecules, respectively, focusing 

the T cell on the relevant MHC molecule and facilitating a prolonged Tcell:APC 

interaction. T cell activation is associated with initiation of the TCR signaling transduction 

cascade, which involves multiple mediators, including Lck, ZAP-70 and phospholipase 

Cγ1. Notably, it leads to actin polymerization and activation of a gene transcription 

program required for T cell clonal expansion, cytokine secretion and differentiation into 

effector subsets (DeFranco et al., 2007).  

1.1.3.3. T cell effector subsets 

CD8+ CTLs are key effector cells of the adaptive immunity, which are specialised to 

provide immunity against viruses and other intracellular pathogens through secretion of 

IFNγ and TNFα, activation of the FasL-dependent pro-apoptotic pathway and granzyme-

perforin cytotoxicity, which involves the release of cytotoxic granzymes (e.g. granzyme A 

and granzyme B) into the target cells through perforin-mediated pore formation (DeFranco 

et al., 2007). CD4+ Th effector T cell subsets also play an important role in the adaptive 

immune response, and can be classified into Th1, Th2 and Th17 cells. Th cells mediate 

immunity through secretion of a range of cytokines, specific for each Th subset, which can 

activate different immune cell populations. Th1 cells, for example, secrete pro-

inflammatory cytokines like IFNγ and facilitate the destruction of several pathogens, 

including bacteria, viruses and protozoa, by activated CTLs, macrophages and NK cells. In 

addition, Th1-type cytokines can promote antibody production by activated B cells. Th2 

cells, on the other hand, abundantly secrete IL-4, and mediate the elimination of parasitic 

worm infections by eosinophils, basophils and mast cells, while Th17 cells produce IL-17 

and coordinate neutrophil acute inflammatory responses (DeFranco et al., 2007). Another 

subset of CD4+ T cells is represented by T regulatory (Treg) cells, which are characterised 

by the expression of the CD25 cell surface marker and forkhead transcription factor 
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(FoxP3) transcriptional activator. CD4+CD25+FoxP3+ Treg cells can be generated in the 

thymus (naturally occurring Treg cells) or induced in the periphery in response to various 

tolerogenic stimuli (induced Treg cells). Treg cells play an important role in the 

suppression of pro-inflammatory effector T cell responses, which is achieved through 

multiple mechanisms, including anti-inflammatory IL-10 and TGFβ cytokine secretion and 

cell contact-dependent stimuli (Nishikawa and Sakaguchi, 2010; Zou, 2006).  

1.1.3.4. Specialised T cell subsets 

1.1.3.4.1. Invariant natural killer T cells 

Invariant natural killer T (iNKT) cells represent a distinct subset of T cells recognising lipid 

(rather than peptide) antigens presented to them in conjunction with the non-classical MHC 

class I-like molecule CD1d, which is expressed on a range of hematopoietic cells, including 

DCs and B cells. The semi-invariant TCR of iNKT cells can be characterised by the 

expression of a conserved Vα24 chain and one of a limited number of conserved Vβ chains, 

predominantly Vβ11 (McEwen-Smith et al., 2015). iNKT cells can recognise 

glycosphingolipids from mycobacteria (Sada-Ovalle et al., 2008), α-proteobacteria like 

Sphingomonas (Kinjo et al., 2005; Mattner et al., 2005), and fungi (Albacker et al., 2013). 

α-galactosylceramide (αGalCer), derived from a marine sponge, was identified as the first 

iNKT cell glycosphingolipid agonist (Kawano et al., 1997). Following stimulation, iNKT 

cells are capable of mounting rapid responses in the form of abundant IFNγ and IL-4 

secretion, which, in contrast to conventional T cells, does not require priming. iNKT cells 

can also act as potent activators of natural killer (NK) cells (directly through release of 

IFNγ) and conventional T cells (indirectly through interaction with APCs) (Cerundolo et 

al., 2009). 
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1.1.3.4.2. γδ T cells 

γδ T cells are distinct from conventional CD4+ and CD8+ αβT cells, as they express the 

products of γ and δ rather α and β TCR genes and exhibit a more constrained TCR 

repertoire. γδ T cells develop early in ontogeny in a series of developmentally programmed 

waves and are thought to be particularly important for immune protection during perinatal 

period. In adults, γδ T cells are much less abundant than αβT cells but are present in high 

numbers at mucosal sites, including dermis, intestine, lungs and uterus. γδ T cells can be 

activated by bacterial and host intracellular metabolites, including phosphoantigens, as well 

as by molecules associated with cellular stress, such as MHC class I polypeptide-related 

sequence A (MICA), leading to rapid pro-inflammatory cytokine secretion and perforin-

mediated cytotoxicity; however, the mechanisms of their activation still remain poorly 

understood. In addition to pathogen clearance, γδ T cells may also contribute to tissue 

integrity (DeFranco et al., 2007; Vantourout and Hayday, 2013). 

1.1.3.5. Natural killer cells 

Like T cells and B cells, NK cells also belong to lymphoid lineage, and share some effector 

functions with CTLs, such as granzyme-perforin cytotoxicity and IFNγ release. In addition, 

NK cells express Fc receptors that can recognise infected cells opsonised with antibodies 

and initiate killing by antibody-dependent cellular cytotoxicity. NK cells lack variable 

receptors for antigen recognition, but express inhibitory and activating receptors of the KIR 

family, which allow NK cells to differentiate between normal and abnormal cells. While 

binding of inhibitory KIR receptors to the constitutively expressed surface molecules, such 

as self MHC class I found on all uninfected healthy cells, prevents NK cell-mediated 

killing, recognition of ligands associated with DNA damage and other cellular stresses (e.g. 

MICA and MICB) by activating KIR receptors, such as NKG2D, promotes NK cell 

immune response (DeFranco et al., 2007; Smyth et al., 2005). 
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1.2. Tumour immunosurveillance and immune evasion  

1.2.1. Anti-tumour immunity 

The concept of tumour immunosurveillance, first proposed by Ehrlich (Ehrlich, 1909) and 

later formally postulated by Burnet and Thomas (Burnet, 1970; Thomas, 1959), implies that 

the immune system is able to protect the host against the development of cancer. After 

years of challenging the validity of this hypothesis, it has been established that the immune 

system can indeed detect and destroy transformed cells through recognition of tumour-

associated antigens (TAAs). TAAs can be classified into those that arise as a result of 

protein overexpression or mutation in cancer; differentiation antigens that are typically 

associated with the cancer cell type of origin; viral proteins related to the neoplastic process 

and cancer-testis antigens (DeFranco et al., 2007). Anti-tumour immunity involves both 

innate and adaptive arms of the immune system, although NK cells and T cells – αβ T cells, 

(particularly CD8+ CTLs), iNKT cells and γδ T cells are considered to be the main cellular 

effectors. The immune response against the tumour can be initiated by TAA recognition by 

host CD8+ CTLs, as well as by NKG2D-mediated activation of NK cells and certain γδ T 

cells by ligands like MICA and MICB, which can be upregulated in response to tumour-

associated cellular stress (Waldhauer and Steinle, 2008). In line with the concept of 

immunosurveillance, mice lacking the immune cell subsets mentioned above demonstrate 

increased susceptibility to tumour formation (Girardi et al., 2001; Smyth et al., 2001; 

Smyth et al., 2000), as do animals treated with NKG2D-neutralising antibodies (Smyth et 

al., 2005) or those deficient in genes encoding IFNγ, IL-12 or perforin (Kaplan et al., 1998; 

Shankaran et al., 2001; Smyth et al., 2000; Street et al., 2001; Street et al., 2002) – the 

critical mediators of the anti-tumour immune response executed by NK cells and tumour-

specific T cells. 
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1.2.2. Strategies of tumour immune escape 

Despite the evidence for the tumour-suppressor role of the immune response, it has become 

clear that the immune system can also aid tumour progression by selecting for tumour 

escape variants with lower immunogenicity and hence increased capacity to survive the 

immune attack. To incorporate the concept of immunity’s dual role in cancer development, 

the cancer immunosurveillance theory has been refined into cancer immunoediting, which 

consists of elimination (tumour immunosurveillance), equilibrium and escape phases (Dunn 

et al., 2004). Notably, the immunoediting theory incorporates the notion of tumour immune 

escape, which is now classified as a hallmark of cancer (Hanahan and Weinberg, 2011). A 

wide range of tumour immune evasion mechanisms has been identified to date, which 

target several aspects of the anti-tumour immune response, as well as exploit host 

immunosuppressive mechanisms. One of the most well-documented strategies of tumour 

immune escape is impairment of tumour antigen presentation, which hampers MHC-

dependent TAA recognition by tumour-specific T cells. This can be caused by a variety of 

mechanisms including downregulation or complete loss of MHC class I expression due to 

mutations in the β2-microglobulin gene (Wang et al., 1993) or selective loss of individual 

HLA alleles (Natali et al., 1989). Other causes are mutations in transporter associated with 

antigen processing (TAP) and proteasome subunit-encoding latent membrane protein 

(LMP)2 and LMP7 genes (Johnsen et al., 1999; Restifo et al., 1993; RotemYehudar et al., 

1996) implicated in the antigen processing machinery. Furthermore, tumour cells 

commonly fail to express costimulatory molecules of the B7 family, leading to T cell 

anergy as a result of TCR engagement in the absence of costimulation (Staveley-O'Carroll 

et al., 1998). In contrast, negative costimulatory signals in the tumour microenvironment, 

such as CTLA-4:B7 are readily engaged by cancer cells, delivering inhibitory signals to 

tumour-specific T cells (Leach et al., 1996). In addition, tumours can interfere with 
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proximal TCR signaling via downregulation of CD3ζ chain, p56lck and p59fyn kinases in 

tumour-infiltrating T cells (Mizoguchi et al., 1992), and activate pro-apoptotic pathways, 

such as FasL (Hahne et al., 1996), TRAIL (Giovarelli et al., 1999) an RCAS1 (Nakashima 

et al., 1999), leading to the induction of T cell apoptosis.  

1.2.2.1. Tumour microenvironment 

There is a growing body of evidence indicating that tumours also promote the development 

of an immunosuppressive microenvironment to escape from immune-mediated destruction. 

This is achieved by the production of anti-inflammatory mediators, including VEGF, 

PGE2, gangliosides and cytokines like TGFβ and IL-10; exploitation of inhibitory 

molecules of the B7 family, such as PD-L1, which can interact with PD-1 on tumour-

specific T cells, leading to their anergy or apoptosis; and recruitment of immunoregulatory 

cells, such as Treg cells, tolerogenic DCs and myeloid-derived suppressor cells (MDSCs) 

(Zou, 2005). Accumulation of Treg cells has been observed in several cancers, and a low 

effector T cell to Treg cell ratio has been shown to correlate with poor prognosis 

(Nishikawa and Sakaguchi, 2010; Zou, 2006). In addition to Treg cell differentiation and 

expansion, tumours are able to promote trafficking of Treg cells from the peripheral blood, 

thymus, lymph nodes and bone marrow to the tumour site through release of CCL22, which 

engages C-C chemokine receptor type 4 (CCR4) on Treg cells (Curiel et al., 2004). 

Tolerogenic myeloid populations are also major contributors to the tumour-induced 

tolerance in the local microenvironment. These populations include specific subsets of 

myeloid DCs, plasmacytoid DCs (pDCs), tumour-associated macrophages (TAMs) and 

MDSCs capable of secreting anti-inflammatory cytokines and expressing 

immunosuppressive metabolic enzymes, such as inducible nitric oxide synthase (iNOS), 

arginase and indoleamine 2,3-dioxygenase (IDO), which produce nitric oxide and catalyse 

the degradation of arginine and tryptophan, respectively (Zou, 2005). Some of these 
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inhibitory mediators, particularly the amino acid-degrading enzymes arginase and IDO, can 

also be expressed by tumour cells themselves, leading to further establishment of 

immunological tolerance. 

 

1.3. Introduction to tryptophan-degrading enzymes 

1.3.1. Tryptophan metabolism 

Out of 20 amino acids, 9 are considered essential (essential amino acid, EAA), as they 

cannot be synthesised endogenously by mammalian cells and so have to be obtained from 

external sources. Tryptophan is the least abundant of all EAAs, with plasma concentrations 

ranging from 40 to 80µM in humans (Armstrong and Stave, 1973) and from 60 to 100µM 

in mice (Demarte and Enesco, 1985; Rivera et al., 1987). Tryptophan obtained from the 

diet enters the liver through the hepatic portal system, where it can be used for protein 

synthesis (Sidransky, 1976). About 5% of the dietary tryptophan that is not used for protein 

synthesis in the liver or in the blood stream enters the methoxyindole pathway for the 

generation of neurotransmitter serotonin via the action of tryptophan hydroxylase (Figure 

1-1). In turn, serotonin can be used as a precursor for the neurohormone melatonin 

synthesis. The remaining 95% of tryptophan obtained from the diet, on the other hand, is 

shuttled down the kynurenine pathway, which represents the principal route of tryptophan 

degradation (Oxenkrug, 2010). IDO and tryptophan 2,3-dioxygenase (TDO) are cytosolic 

haem dioxygenase enzymes that catalyze the initial and rate-limiting step of the kynurenine 

pathway, which involves the oxidative cleavage of tryptophan indole ring (Figure 1-1). 

This reaction yields N-formylkynurenine, which is rapidly converted to kynurenine, either 

spontaneously under acidic conditions or via formamidase activity, and can be further 

metabolised into other biologically active tryptophan metabolites, such as kynurenic acid, 

anthranilic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid and quinolinic acid 
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(Thomas and Stocker, 1999) (Figure 1-1). The end product of the kynurenine pathway is 

quinolinic acid-derived nicotinamide adenine dinucleotide (NAD) – a cellular cofactor key 

for redox metabolism, cellular function and survival. NAD+ is involved in such critical 

biological processes as ATP synthesis and DNA repair, for example (Khan et al., 2007). 
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Figure 1-1. The kynurenine pathway 
The kynurenine pathway describes the conversion of the EAA tryptophan into NAD+. IDO 
and TDO enzymes catalyse the dioxygenation of tryptophan into N-formylkynurenine, 
which is followed by its spontaneous or formamidase-mediated conversion into kynurenine. 
Kynurenine can be further metabolised into 3-hydroxykynurenine, kynurenic acid or 
anthranilic acid through the action of kynurenine hydroxylase (KYN-OHase), kynurenine 
aminotransferase (KAT) or kynureninase (KYNase), respectively. Anthranilic acid can also 
be converted into 3-hydroxykynurenine through non-specific hydroxylation. Once 3-
hydroxykynurenine is generated, KYNase can metabolise it into 3-hydroxyanthranilic acid, 
which can be used to synthesise NAD+ through reactions involving 3-hydroxyanthranilate-
3,4-dioxygenase (3-HAO) and quinolinate phosphoribosyl-transferase (QPRTase). 
Alternatively, tryptophan can be shuttled into the serotonin synthesis pathway catalysed by 
tryptophan hydroxylase. 
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1.3.2. The distinct characteristics of IDO1, IDO2 and TDO enzymes 

There are two isoforms of the IDO enzyme, IDO1 and the less studied IDO2 isoform, 

which shares 43% sequence identity with IDO1 and is likely to have arisen from 

evolutionary gene duplication (Ball et al., 2007). IDO1 and TDO enzymes are even less 

structurally related and only share 10% sequence identity (Forouhar et al., 2007). Although 

these three haem dioxygenases catalyze the same reaction in the kynurenine pathway, there 

are substantial differences in their biochemical properties, molecular regulation and 

expression pattern. For example, while IDO1 exhibits broad substrate specificity, TDO 

only accepts a small range of tryptophan analogues for oxidation, including L-tryptophan, 

5-fluorotryptophan and 6-fluorotryptophan but not serotonin or melatonin (Basran et al., 

2008; Forouhar et al., 2007). Furthermore, IDO1 is widely expressed in various tissues, 

such as the placenta (including syncytiotrophoblasts, cytotrophoblasts and fetal 

membranes), gut, lung and pancreas (Kudo et al., 2004; Sarkar et al., 2007; Sedlmayr et al., 

2002; Theate et al., 2015), and can be induced in several cell types in response to IFNγ 

(Carlin et al., 1989a; Munn et al., 1999; Takikawa et al., 1988). In contrast, TDO 

expression is mainly restricted to the liver (Knox and Mehler, 1950; Pilotte et al., 2012) and 

the brain (Haber et al., 1993; Kanai et al., 2009), and is largely unresponsive to 

immunological stimuli. On the other hand, TDO expression can be induced by dietary 

tryptophan and steroid hormones (Knox, 1966; Schimke et al., 1965). Like TDO, IDO2 

also shows distinct tissue distribution (Fukunaga et al., 2012), but exhibits reduced 

enzymatic activity, compared to that of IDO1 (Austin et al., 2010; Ball et al., 2007). 

1.3.3. Regulation of IDO expression 

1.3.3.1. IDO induction stimuli 

IDO1 expression can be found in various cell types, particularly APCs, such as 

macrophages (Munn et al., 1999) and DCs (Munn et al., 2002), but also neutrophils (De 
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Ravin et al., 2010; Lewkowicz et al., 2013), eosinophils (Odemuyiwa et al., 2004), 

epithelial cells (Barcelo-Batllori et al., 2002), endothelial cells (Xiao et al., 2013), 

fibroblasts (Curran et al., 2014) and smooth muscle cells (Pantoja et al., 2000). Several 

physiological inducers of IDO1 have been identified, of which IFNγ is the most potent. 

IFNγ-dependent IDO1 gene expression relies on the presence of IFN-stimulated response 

elements (ISREs) and IFNγ-activated sites (GASs) in the IDO1 promoter region, which 

interact with IFN-regulatory factor 1 (IRF1) and signal transducer and activator of 

transcription 1 (STAT1), respectively. In line with this, optimal IDO1 gene transcription in 

response to IFNγ requires Janus kinase (JAK), STAT1 and IRF1 (Chon et al., 1995; Jeong 

et al., 2009; Konan and Taylor, 1996). Other soluble inducers of IDO1 transcription include 

pro-inflammatory cytokines, e.g. TNFα, which synergises with IFNγ through activation of 

the nuclear factor κB (NF-κB) pathway (Robinson et al., 2006; Robinson et al., 2003), type 

I IFNs, IFNλ, IL-1 (Babcock and Carlin, 2000; Carlin et al., 1987; Fox et al., 2015; Hu et 

al., 1995) and tumour growth factor (TGF)β (Pallotta et al., 2011); several TLR ligands, 

e.g. LPS (Fujigaki et al., 2006; Hissong et al., 1995; Hissong and Carlin, 1997) and CpG-

rich oligodeoxynucleotides (Fallarino and Puccetti, 2006; Volpi et al., 2012); hormones, 

e.g. oestrogen (Xiao et al., 2004; Zhu et al., 2007) and human chorionic gonadotropin 

(Ueno et al., 2007); and lipid molecules like PGE2 (Braun et al., 2005; Sayama et al., 

1981). The latter has been shown to synergise with TNFα or TLR ligands in the induction 

of IDO expression in DCs through activation of adenylate cyclase (Braun et al., 2005), 

while TGFβ has been reported to trigger Fyn kinase-dependent IDO phosphorylation in 

pDCs, followed by NF-κB pathway activation and type I IFN signaling (Pallotta et al., 

2011). In addition to soluble molecules, cell-contact dependent stimuli can also mediate 

IDO induction. In DCs, IDO expression can be triggered by the interaction of costimulatory 

molecules B7-1/B7-2 with CTLA-4 on Treg cells (Fallarino et al., 2003; Grohmann et al., 
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2002; Munn et al., 2004b), engagement of glucocorticoid-induced TNF-receptor-related 

protein (GITRL) by glucocorticoid-induced TNF-receptor (GITR) on Treg cells (Grohmann 

et al., 2007), as well as by the activation of the CD200 receptor (Fallarino et al., 2004).   

1.3.3.2. Negative regulators of IDO expression 

Negative regulators of IDO1 gene transcription include IL-4 (Musso et al., 1994), BLIMP-

1, which has been reported to inhibit IFNγ-dependent IDO1 gene transcription by binding 

to IDO1 promoter (Barnes et al., 2009), and the Tyrobp-encoded DNAX activation protein 

of 12kDa (DAP12), downregulation of which is required for IDO functional competence 

(Orabona et al., 2006). Moreover, histone deacetylation has also been shown to repress 

IDO1 transcription, as evidenced by the increased expression of IDO1 in murine bone-

marrow-derived DCs treated with histone deacetylase inhibitors (Reddy et al., 2008). 

1.3.4. Regulation of IDO activity 

In addition to transcriptional and epigenetic regulation, there is evidence of post-

translational modulation of IDO activity. For example, phosphorylation of IDO has been 

shown to regulate its proteasomal degradation (Orabona et al., 2008) and signaling activity 

(Pallotta et al., 2011). IDO enzymatic activity is also subject to regulation by several 

biochemical factors, e.g. intracellular availability of haem, which IDO may need to 

compete for with enzymes like haem oxygenase 1 (Hill et al., 2005). 

 

1.4. Physiological roles of tryptophan-degrading enzymes 

1.4.1. The role of IDO in infection 

IDO expression is commonly induced in infection, and the role of this enzyme in host 

defense against infection has been long recognised (Byrne et al., 1986; Carlin et al., 1989b; 

Pfefferkorn, 1984). The antimicrobial function of IDO has now been demonstrated for 

several pathogens in vitro and in vivo, including Toxoplasma gondii (Divanovic et al., 
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2012), Chlamydia trachomatis (Leonhardt et al., 2007), Candida albicans (Bozza et al., 

2005), flavivirus (Yeung et al., 2012) and measles virus (Obojes et al., 2005). In line with 

these findings, certain gain-of-function IDO1 gene polymorphisms have been associated 

with increased protection against recurrent vulvovaginal candidiasis in humans (De Luca et 

al., 2013). On the other hand, IDO activity can also exert a counter-regulatory role and 

promote immunosuppression during infection by some pathogens, including, Leishmania 

major (Divanovic et al., 2012; Makala et al., 2011) and murine leukemia virus (Hoshi et al., 

2010), leading to increased pathogen burden. These studies highlight the complex role of 

IDO pathway in infection, suggesting that its antimicrobial or immunoregulatory actions 

may be pathogen-specific. 

1.4.2. The role of IDO in pregnancy 

Although the importance of IDO activity for inhibition of pathogen growth has been known 

for many years, the biological significance of tryptophan catabolism in other physiological 

settings has only been addressed more recently, starting with pioneering work by Munn and 

Mellor, who demonstrated that IDO, which is highly expressed in the placenta, protects the 

fetus from maternal T cell attack during pregnancy (Munn et al., 1998). Notably, treatment 

of pregnant mice with the IDO inhibitor 1-MT leads to rapid rejection of allogeneic but not 

syngeneic concepti, which is dependent on maternal T cell infiltration and T cell-mediated 

complement activation (Mellor et al., 2001; Munn et al., 1998). In line with these findings, 

IDO induction at the maternal-fetal interface has been shown to improve pregnancy 

outcome in an abortion-prone mouse model (Li et al., 2009). Furthermore, pregnant women 

with pre-eclampsia exhibit a significantly increased tryptophan-to-kynurenine ratio in 

plasma (Kudo, 2013), suggesting impaired IDO expression/activity in this maternal 

syndrome. Consistent with these data, symptoms typical of pre-eclampsia have also been 

reported in IDO-/- mice (Santillan et al., 2015). Altogether, these studies highlight the key 
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role of IDO in the regulation of maternal T cell immunity during pregnancy and provide 

therapeutic opportunities for pregnancy conditions such as pre-eclampsia. 

1.4.3. The role of IDO in autoimmunity 

In addition to infection and pregnancy, IDO-mediated tryptophan catabolism has been 

implicated in autoimmunity. In contrast to Foxp3 (Brunkow et al., 2001; Godfrey et al., 

1991; Wildin et al., 2001) and Ctla4 knockout mice (Waterhouse et al., 1995), IDO1-

deficient animals do not exhibit spontaneous autoimmunity (Mellor et al., 2003), 

suggesting that IDO is dispensable for the maintenance of self-tolerance under homeostatic 

conditions. Rather, IDO appears to be important for establishing acquired tolerance to new 

or foreign antigens. Pharmacological inhibition or genetic disruption of IDO exacerbate 

clinical symptoms and inflammation in several models of autoimmune disease, including 

experimental autoimmune encephalitis (Kwidzinski et al., 2005; Sakurai et al., 2002; Yan 

et al., 2010), inflammatory bowel disease (Gurtner et al., 2003; Matteoli et al., 2010; 

Takamatsu et al., 2013) and insulin-dependent diabetes mellitus (Grohmann et al., 2003). 

Interestingly, autoimmunity in non-obese diabetic mice has been linked to the inability of 

IFNγ to induce IDO in DCs as a result of impaired STAT1 signaling, and rescuing 

tryptophan catabolism has been shown to restore tolerance in these mice (Grohmann et al., 

2003). Moreover, induction of IDO has been shown to alleviate symptoms and reduce 

severity in several other autoimmune disease models, such as colitis (Ciorba et al., 2010; 

Coquerelle et al., 2009) and uveoretinitis (Choi et al., 2006). Interestingly, IDO has also 

been implicated in the induction of tolerance to self-antigens expressed by apoptotic cells, 

as evidenced by the development of lupus-like pathology and serum autoreactivity to 

double-stranded DNA in IDO1-deficient mice chronically exposed to apoptotic cells 

(Ravishankar et al., 2012). 



	
  
40 

1.4.4. IDO expression by APCs 

At the cellular level, IDO-competent professional APCs, such as macrophages (Munn et al., 

1999) and DCs (Munn et al., 2002), play a key role in the metabolic control of the adaptive 

immune response, in particular inhibition of antigen-specific T cell immunity, as has been 

demonstrated in autoimmunity (Grohmann et al., 2003), transplantation (Miki et al., 2001) 

and other immunological settings. IDO competence is confined to specific DC subsets, 

including CD8α+ DCs and CD19+ pDCs in mice, and CD123+ CCR6+ pDCs and activated 

monocytes and macrophages in humans (Carlin et al., 1989a; Fallarino et al., 2002a; Mellor 

et al., 2003; Munn et al., 1999; Munn et al., 2004a; Munn et al., 2002). Notably, IDO 

expression and activity are induced upon DC maturation (Braun et al., 2005), and are 

important for optimal DC activation and migration (Hill et al., 2007; Hwang et al., 2005). 

1.4.5. Other emerging physiological roles of IDO 

Some reports suggest that IDO1 may also be involved in vascular homeostasis (due to the 

vasodilating properties of its metabolite kynurenine) (Wang et al., 2010), neurological 

functions like pain perception (Kim et al., 2012) and bone remodeling, as evidenced by the 

osteopenic phenotype of IDO1-deficient mice (Bozec et al., 2014).  

1.4.6. Physiological roles of IDO2 and TDO 

In contrast to the plethora of biological functions attributed to IDO1, physiological roles of 

IDO2 remain largely unknown due to the low activity of this more recently discovered 

enzyme (Austin et al., 2010; Ball et al., 2007) and the common presence of functionally 

attenuating IDO2 polymorphisms in the Caucasian population (Metz et al., 2007). 

However, some evidence suggests that IDO2 may be involved in B cell autoimmunity 

(Merlo et al., 2014) and could support IDO1-mediated immunoregulatory functions (Metz 

et al., 2014). TDO, on other hand, is responsible for regulating systemic tryptophan 

concentrations, as well as the levels of neuroactive tryptophan catabolites in the brain, e.g. 
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quinolinic acid (Guillemin, 2012). In line with this, TDO2 gene polymorphisms are 

associated with neurological disorders such as depression (Comings, 2001) and autism 

(Nabi et al., 2004), while TDO2-deficient mice exhibit increased anxiety-related behavior 

(Kanai et al., 2009). 

 

1.5. IDO and TDO expression in the tumour microenvironment  

1.5.1. IDO and TDO expression by tumours 

In the past decade, tryptophan catabolism has emerged as an important mechanism of 

cancer immune escape. A significant proportion of human cancers constitutively express 

IDO (Theate et al., 2015; Uyttenhove et al., 2003), particularly endometrial and cervical 

carcinomas, among many others  (Figure 1-2). The immunosuppressive role of tryptophan 

catabolism in cancer was revealed by a key study conducted by Benoit Van den Eynde and 

co-workers, who showed that acquisition of IDO by immunogenic tumours prevents their 

rejection in pre-immunised mice through inhibition of tumour-specific CD8+ T cell 

responses (Uyttenhove et al., 2003). An analogous immunosuppressive effect has been 

demonstrated in vivo for TDO (Pilotte et al., 2012) – another tryptophan catabolising 

enzyme that can be hijacked by human tumours (Opitz et al., 2011; Pilotte et al., 2012). 

Although the expression of TDO in human cancers has not been studied as extensively as 

that of IDO, it has been shown to be commonly overexpressed in hepatocellular carcinoma 

and glioblastoma  (Figure 1-2). Notably, constitutive TDO expression in glioblastoma not 

only inhibits the anti-tumour immune response but also enhances tumour cell survival and 

motility (Opitz et al., 2011). IDO2 expression has also been detected in some cancers (Lob 

et al., 2009; Witkiewicz et al., 2009b), however, the role of this isoform in tumour immune 

escape is yet to be determined. 
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Figure 1-2. IDO and TDO expression in human tumours 
IDO and TDO expression in primary human cancers was determined by immuno-
histochemistry and/or q-RT-PCR. Adapted from (Opitz et al., 2011; Pilotte et al., 2012; 
Theate et al., 2015; Uyttenhove et al., 2003). N/A, non-applicable (data not available for 
this tumour type). 
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1.5.2. IDO expression by tumour-associated cells 

Apart from tumour cells themselves, IDO can be expressed by other cells in the tumour 

microenvironment. IDO can be detected in tumour-infiltrating DCs and macrophages, for 

example, as well as in DCs in tumour-draining lymph nodes (TDLNs), as has been 

observed in patients with malignant melanoma and breast carcinoma (Lee et al., 2003; 

Munn et al., 2004a; Munn et al., 2002). Notably, such IDO-competent DCs exhibit 

immunosuppressive properties (discussed in Chapter 1.7) (Munn et al., 2004a; Sharma et 

al., 2007). In addition, IDO can be expressed by mesenchymal stem cells in the tumour 

microenvironment, which are able to suppress anti-tumour T cell responses and promote 

tumour growth in a manner dependent on IDO-mediated tryptophan catabolism (Ling et al., 

2014). Notably, the upregulation of IDO in tumour-associated cells is of importance, as it 

may contribute to the tumour-induced tolerance in the local microenvironment. 

1.5.3. Implications of IDO and TDO expression for tumour prognosis 

Importantly, IDO expression is associated with poor clinical prognosis in several human 

cancers and typically correlates with decreased survival, e.g. in melanoma (Brody et al., 

2009; Munn et al., 2004a; Speeckaert et al., 2012), colorectal (Gao et al., 2009), 

endometrial (Ino et al., 2008; Ino et al., 2006), ovarian (Inaba et al., 2009; Okamoto et al., 

2005; Takao et al., 2007) and non-small cell lung carcinoma (Astigiano et al., 2005). 

Furthermore, in some cancers, such as colorectal (Brandacher et al., 2006; Huang et al., 

2002), endometrial (Ino et al., 2006) and breast cancer (Mansfield et al., 2009; Yu et al., 

2011), IDO expression correlates with increased risk of metastasis, which points to its 

active contribution to tumour progression. The association between TDO expression and 

clinical parameters in cancer has not been examined in as much detail yet, however, there is 

evidence of decreased survival of patients with TDO-expressing gliomas (Opitz et al., 

2011). 
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1.5.4. IDO induction stimuli in the tumour microenvironment 

A key question regarding IDO dysregulation in cancer is the nature of the molecular 

signaling events and stimuli controlling IDO expression in the tumour microenvironment. 

Evidence suggests that these factors can be intrinsic to the tumour or host immune cells. 

One cause of IDO upregulation in tumour cells is loss of the tumour-suppressor gene Bin1 

(Muller et al., 2005). Bin1 acts as a negative regulator of IDO1 expression, and is 

commonly deleted, aberrantly spliced or downregulated in cancer (Ge et al., 1999; Ge et al., 

2000a; Ge et al., 2000b; Tajiri et al., 2003). Genetic loss of Bin1 activates STAT1- and NF-

κB-dependent transcription of IDO1 in transformed cells, and promotes tumour immune 

escape through suppression of anti-tumour T cell responses (Muller et al., 2005). IDO 

expression in tumours can also be driven by cancer-specific signaling pathways, such as the 

constitutively activated oncogenic KIT-PI3K-AKT pathway in gastrointestinal stromal 

tumour (GIST) (Balachandran et al., 2011). Others have shown that PGE2 is also able to 

induce IDO expression in tumour cells (Basu et al., 2006) and tumour-associated dendritic 

cells (von Bergwelt-Baildon et al., 2006). IFNγ produced by tumour-infiltrating T cells is 

another potent stimulus for IDO upregulation in the tumour microenvironment (Spranger et 

al., 2013). Importantly, it has been demonstrated that the induction IDO as well as PD-L1 

expression in melanoma is caused by the immune pressure imposed on tumour cells by 

CD8+ T cells (Spranger et al., 2013), demonstrating that some major mechanisms of tumour 

immune escape can be intrinsically driven by the immune system itself. 

 

1.6. Sensing of tryptophan catabolism 

IDO enzyme activity not only depletes tryptophan from the local microenvironment but 

also leads to the production of biologically active tryptophan metabolites, such as 

kynurenine. It has become clear that these outcomes of the kynurenine pathway – 
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tryptophan deprivation and accumulation of kynurenine, mediate their immunosuppressive 

effects through activation of distinct metabolic pathways.  

1.6.1. The GCN2-ATF4 pathway 

Depletion of tryptophan (and other amino acids) is sensed through two amino acid 

responsive pathways – the general control nonderepressible protein 2 (GCN2) kinase 

pathway and the mammalian target of rapamycin (mTOR) pathway. The GCN2 pathway is 

designed to detect amino acid deficiency and is directly activated by uncharged tRNA, the 

levels of which increase upon amino acid starvation (Dong et al., 2000; Wek et al., 1995). 

Aminoacyl-tRNA synthetases are a family of enzymes that interpret the genetic code by 

covalently linking amino acids to their specific tRNA molecules. For example, WARS gene-

encoded tryptophanyl-tRNA synthetase adds tryptophan onto tRNATRP, and the resulting 

tryptophan-tRNATRP complex (tryptophanyl-tRNA) can be subsequently used for protein 

synthesis. Notably, inhibition of tRNA charging via loss of aminoacyl-tRNA synthetase 

function, activates GCN2 even under amino acid-sufficient conditions (Wek et al., 1995). 

Once activated, GCN2 kinase undergoes autophosphorylation (Romano et al., 1998) and 

dimerization (Qiu et al., 2001; Qiu et al., 1998), and phosphorylates the translation 

initiation factor eIF2α on Ser51, leading to a global translational reduction (Dever et al., 

1992). However, a number of selected transcripts can still be translated under conditions of 

eIF2α phosphorylation due to the presence of alternative upstream open reading frames in 

the 5’UTR of the mRNA (Harding et al., 2000a; Lu et al., 2004; Vattem and Wek, 2004). 

One of such transcripts is the activating transcription factor 4 (ATF4) (Figure 1-3), a 

master transcriptional regulator of the integrated stress response (ISR) – a pro-survival gene 

expression program critical for adaptation to cellular stress. By binding to the amino acid 

response elements in the promoters of ATF4-dependent genes, ATF4 regulates 

transcription of a spectrum of genes involved in amino acid synthesis and import, resistance 
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to oxidative stress, apoptosis and other functions (Harding et al., 2000a; Harding et al., 

2003). ATF4 also induces expression of other transcription factors, such as ATF3 (Jiang et 

al., 2004), CHOP/DDIT3/GADD153 (Han et al., 2013; Wang et al., 1998; Zinszner et al., 

1998), TRIB3 (Ohoka et al., 2005), HERPUD1 (Kokame et al., 2000) and the negative 

regulator of the eIF2α kinase response GADD34 (Ma and Hendershot, 2003; Novoa et al., 

2001), to assist in the regulation of the ISR transcriptional program (Figure 1-3). Although 

GCN2 is the most relevant eIF2α kinase in the context of amino acid starvation, ATF4 can 

be activated in response to eIF2α phosphorylation triggered by other type of stresses. 

Mammalian cells have four kinases that phosphorylate eIF2α – GCN2, PKR-like 

endoplasmic reticulum kinase (PERK), haem-regulated inhibitor (HRI) and protein kinase 

RNA-dependent (PKR), each responsive to distinct stress conditions, namely amino acid 

deficiency (Dong et al., 2000; Wek et al., 1995), accumulation of unfolded proteins in the 

endoplasmic reticulum (ER) (Harding et al., 2000b; Harding et al., 1999) and hypoxia 

(Koumenis et al., 2002), haem deprivation (Chen et al., 1991; Han et al., 2001), and 

infection with RNA viruses (Meurs et al., 1990), respectively (Figure 1-3). All of these 

environmental stresses activate ATF4, albeit through distinct pathways upstream. In 

addition to nutrient deprivation, GCN2 can also be activated in response to UV irradiation, 

however, this does not lead to ATF4 activation but rather NFκB signaling (Deng et al., 

2002; Dey et al., 2012; Jiang and Wek, 2005). 
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Figure 1-3. Activation of the ATF4 pathway by distinct cellular stresses 
GCN2, PERK, HRI and PKR are eIF2α kinases that activate the ATF4 ISR pathway in 
response to specific environmental stresses – amino acid starvation, ER stress/hypoxia, 
haem deprivation and RNA virus infection, respectively. ATF4 cooperates with the 
downstream transcription factors ATF3, CHOP (DDIT3), TRIB3 and HERPUD1 to initiate 
the transcription of ATF4 target genes. GADD34, on the other hand, constitutes part of the 
negative feedback regulatory loop of the ISR response, which promotes protein synthesis 
recovery through eIF2α dephosphorylation.	
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1.6.1.1. The role of the GCN2-ATF4 pathway in adaptation to nutrient starvation and 

tumour development 

The role of GCN2 in adaptation to nutrient deprivation conditions has been demonstrated in 

vivo, as evidenced by the enhanced loss of body mass and increased mortality of GCN2-/- 

mice fed leucine-free diet (Anthony et al., 2004). In addition, GCN2 has been shown to 

play a role in managing nutritional stress during embryogenesis (Zhang et al., 2002). The 

GCN2-eIF2α-ATF4 pathway has also been implicated in cancer. It has been shown to be 

activated in several human and mouse tumours (Ye et al., 2010) and capable of promoting 

survival and proliferation of tumour cells under amino acid starvation conditions. In line 

with this, tumours with silenced GCN2 or ATF4 exhibit significantly reduced growth in 

vivo (Ye et al., 2010).  

1.6.2. The mTOR pathway 

Amino acid starvation can also affect the mTOR pathway, which functions to confirm 

amino acid availability and maintain protein synthesis and cell growth. In addition to amino 

acids, mTOR activity can be modulated by such stimuli as growth factors, cytokines, 

energy status, hypoxia and DNA damage (Thomson et al., 2009). However, amino acids 

appear to be the most potent inducers of mTOR, as evidenced by the inability of growth 

factors to activate mTOR under conditions of amino acid starvation (Sancak et al., 2008). 

Amino acid-induced mTOR activation takes place at the lysosomal surface and involves 

Ragulator- and Rag GTPase-dependent translocation of mTORC1 to the lysosome, where it 

can interact with its direct upstream activator Rheb (Bar-Peled et al., 2012; Kim et al., 

2008b; Sancak et al., 2010; Sancak et al., 2008), leading to the phosphorylation of the 

mTOR downstream substrates 4E-BP1/eIF4E and p70 S6 kinase (and its targets S6 

ribosomal protein and eEF2, among others), and translation initiation (Beretta et al., 1996; 

Brunn et al., 1997; Hara et al., 1998; Holz et al., 2005). Although the molecular events 
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involved in the detection of amino acid availability in the mTOR pathway are still poorly 

understood, the lysosomal amino acid sensing machinery regulating mTOR is thought to 

involve vacuolar H+-adenosine triphosphatase (v-ATPase) (Zoncu et al., 2011) and 

SLC38A9-(Rebsamen et al., 2015; Wang et al., 2015b) and SLC36A1 (PAT1)-mediated 

(Ogmundsdottir et al., 2012) amino acid transport. Notably, tryptophan unavailability and 

IDO-mediated tryptophan catabolism have been reported to suppress mTOR signaling, 

which can be rescued by tryptophan supplementation or pharmacological inhibition of IDO 

(Cobbold et al., 2009; Metz et al., 2012). 

1.6.3. The AhR pathway 

While GCN2 and mTOR pathways are responsible for sensing IDO-mediated tryptophan 

depletion, the biologically active tryptophan metabolites kynurenine and kynurenic acid act 

on a different pathway, having been identified as endogenous ligands of the aryl 

hydrocarbon receptor (AhR) (DiNatale et al., 2010; Opitz et al., 2011). AhR is a highly 

conserved transcription factor of the basic helix-loop-helix Per-Arnt-Sim (bHLH-PAS) 

family activated in response to environmental xenobiotic toxic chemicals like 2,3,7,8-

tetrachloro-dibenzo-p-dioxin (TCDD) and 6-formylindolo[3,2-b]carbazole (FICZ). In the 

cytoplasm, AhR is found as part of a chaperone complex consisting of heat shock protein 

90 (HSP90), p23 and Hepatitis B virus X-associated protein 2 (XAP2). Upon ligand 

binding, AhR translocates to the nucleus and forms a heterodimer with its dimerisation 

partner AhR nuclear translocator (ARNT), which allows it to bind to xenobiotic response 

elements (XREs) and induce transcription of target genes like cytochrome P4501A1, which 

is involved in xenobiotic metabolism (Bersten et al., 2013; Esser et al., 2009). Similarly to 

AhR high-affinity ligand TCDD, kynurenine has been shown to increase AhR nuclear 

translocation (Opitz et al., 2011), while both kynurenine and kynurenic acid have been 

reported to activate the transcription of AhR-dependent genes (DiNatale et al., 2010; Opitz 
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et al., 2011). 

1.6.3.1. The role of AhR in tumour development 

Although best known for mediating environmental toxicity, AhR has several physiological 

roles, including immunological settings like autoimmunity and infection (Esser et al., 

2009). Notably, mice with constitutive AhR expression are highly susceptible to tumour 

development (Moennikes et al., 2004), suggesting a role for AhR in cancer. Evidence exists 

that AhR may be specifically implicated in TDO-related tumour tolerance. One study 

reported that tumour TDO-derived kynurenine can inhibit tumour-specific CD8+ T cell 

infiltration and enhance tumour cell survival and motility through activation of AhR in 

human glioblastoma (Opitz et al., 2011). These findings suggest that kynurenine-dependent 

AhR activation may be responsible, at least in part, for mediating the immunosuppressive 

effects of tryptophan-degrading enzymes. 

 

1.7. Inhibition of the anti-tumour immune response by tryptophan 

catabolism 

There is a growing body of evidence indicating that IDO and TDO expression in the 

tumour microenvironment leads to induction of localised immune tolerance, which 

provides the tumour with a selective growth advantage (Friberg et al., 2002; Ling et al., 

2014; Muller et al., 2005; Muller et al., 2008; Opitz et al., 2011; Pilotte et al., 2012; 

Uyttenhove et al., 2003). Recent findings demonstrate that IDO- and TDO-mediated 

tryptophan catabolism contributes to tumour-induced tolerance through multiple 

mechanisms.  

1.7.1. Induction of T cell proliferative arrest by tryptophan catabolism 

One important aspect of immune regulation by IDO is inhibition of T cell proliferation. In 

T cells, IDO-mediated tryptophan depletion induces a proliferative arrest, inhibiting the 
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G1-to-S phase transition (Kudo et al., 2001; Munn et al., 1999; Munn et al., 2005; Silk et 

al., 2011). Notably, GCN2 activation is instrumental for this phenomenon, as T cells from 

GCN2-/- mice remain resistant to IDO-mediated suppression and continue to proliferate 

even in the presence of IDO-competent pDCs (Munn et al., 2005). The inhibitory effect of 

IDO- and TDO-mediated tryptophan catabolism on tumour-specific CD8+ T cell infiltration 

has also been demonstrated in various tumour models in vivo, and can be reversed by 

pharmacological inhibition of IDO or TDO (Ling et al., 2014; Opitz et al., 2011; Pilotte et 

al., 2012; Uyttenhove et al., 2003).  

1.7.2. Pro-apoptotic properties of tryptophan metabolites 

Tryptophan metabolites, including kynurenine, 3-hydroxykynurenine, 3-hydroxyanthranilic 

acid and quinolinic acid can also exhibit immunosuppressive properties, particularly the 

induction of apoptosis in activated T cells and NK cells (Fallarino et al., 2002b; Frumento 

et al., 2002; Lee et al., 2010; Terness et al., 2002). Interestingly, such cytotoxic action 

appears to be selective to certain T cell subsets. 3-hydroxyanthranilic acid and quinolinic 

acid, for example, induce cell death in Th1 but not Th2 cells (Fallarino et al., 2002b). In 

addition to Th2 cells, DCs also exhibit resistance to tryptophan metabolite cytotoxicity 

(Terness et al., 2002). Consistently, administration of tryptophan metabolites in vivo 

induces selective depletion of specific immune cell subsets (Fallarino et al., 2002b). The 

molecular mechanisms mediating this selective cytotoxicity are not fully understood, but 

may involve caspase-8 activity (Fallarino et al., 2002b), glutathione depletion (Lee et al., 

2010) and inhibition of TCR engagement-induced NF-κB activation (Hayashi et al., 2007). 

There is also evidence that tryptophan metabolites may synergise with tryptophan depletion 

in the induction of some immunosuppressive effects, e.g. TCR ζ-chain downregulation and 

the associated reduction in effector T cell cytotoxic function (Fallarino et al., 2006).  
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1.7.3. Other effects of tryptophan catabolism on effector T cells 

IDO-catalyzed tryptophan metabolism may also hamper anti-tumour effector T cell 

responses by inducing anergy (Munn et al., 2005; Munn et al., 2004a), suppressing T cell 

activation through disruption of calcium signaling (Iken et al., 2012), and interfering with T 

cell metabolism, namely inhibiting glucose uptake, aerobic glycolysis and glutaminolysis 

(Eleftheriadis et al., 2014; Eleftheriadis et al., 2013).  

1.7.4. The effect of tryptophan catabolism on Treg cells 

1.7.4.1. Induction of Treg cell conversion by tryptophan catabolism 

In contrast to the inhibitory effects of tryptophan catabolism on effector T cell responses, 

IDO activity strongly promotes Treg cell differentiation and function. Both pDCs and 

monocyte-derived DCs (MoDCs) expressing IDO have been shown to induce Treg cells 

(Chen et al., 2008; Chung et al., 2009; Jurgens et al., 2009). Tryptophan deficiency, in 

synergy with tryptophan metabolites, is also able to trigger the conversion of naïve CD4+ 

CD25- T cells into a regulatory phenotype (Fallarino et al., 2006). Furthermore, IDO 

expression in human tumours often correlates with the increased number of Treg cells, e.g. 

in acute myeloid leukemia (AML), non-Hodgkin’s lymphoma, cervical cancer, melanoma 

and breast cancer (Curti et al., 2007b; Liu et al., 2014; Nakamura et al., 2007; Spranger et 

al., 2013; Witkiewicz et al., 2009a; Yu et al., 2011). Evidence exists that such bias towards 

a Treg cell phenotype is tumour-driven. In line with this concept, exposure of CD4+ CD25- 

T cells to tumour cell conditioned medium is able to induce Treg cell generation (Curti et 

al., 2007b; Liu et al., 2007). Moreover, AML cells and leukemic dendritic cells that express 

IDO can directly promote Treg cell conversion, generating Treg cells capable of 

suppressing leukemia-specific effector T cell responses (Curti et al., 2007a; Curti et al., 

2007b; Curti et al., 2010). Treg cell conversion in this system is dependent on IDO, as it 

can be suppressed by pharmacological inhibition of the enzyme (Curti et al., 2007b; Curti 
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et al., 2010). Acquisition of the regulatory phenotype by naïve CD4+CD25- T cells under 

low tryptophan conditions is thought to depend on TGFβ-mediated induction of FoxP3 

(Cobbold et al., 2009; Fallarino et al., 2006) and GCN2 activation (Fallarino et al., 2006), 

although there is some evidence that inhibition of mTOR signaling may also be involved 

(Cobbold et al., 2009). In addition to tryptophan depletion, Treg cell generation can be 

induced by AhR activation by kynurenine or other AhR ligands (Funatake et al., 2005; 

Gandhi et al., 2010; Mezrich et al., 2010), revealing another molecular mechanism 

employed by IDO to signal for a Treg cell phenotype. Finally, the ability of tumour-derived 

IDO to increase Treg cell numbers has been confirmed in mouse tumour models in vivo 

(Curti et al., 2007b; Wainwright et al., 2012). 

1.7.4.2. Treg cells activation by tryptophan catabolism 

In addition to de novo generation of Treg cells (Chen et al., 2008), IDO-expressing pDCs in 

TDLNs are able to activate pre-existing Treg cells and enhance their suppressor function in 

an IDO-, GCN2- and CTLA-4-dependent manner  (Munn et al., 2004a; Sharma et al., 

2007). Such IDO-induced Treg cells appear to utilise the PD-1/PD-L1 pathway for 

immunosuppression (Sharma et al., 2007). In addition, IDO-competent pDCs contribute to 

the maintenance of a stable Treg cell phenotype, limiting Treg cell plasticity and preventing 

Treg cell conversion into pro-inflammatory Th17 cells through GCN2-dependent inhibition 

of IL-6 production (Baban et al., 2009; Sharma et al., 2010; Sharma et al., 2009).  

1.7.4.3. Reciprocal IDO induction by Treg cells  

In turn, Treg cells can induce IDO expression in DCs by initiating the CTLA-4 interaction 

with DC costimulatory molecules B7-1/B7-2. CTLA-4 ligation triggers reverse signaling 

by B7-1/-B7-2, leading to IFNγ- and STAT1-dependent IDO production (Fallarino et al., 

2003; Grohmann et al., 2002; Munn et al., 2004b). Importantly, constitutive IDO 

expression by mesenteric lymph node DCs is dependent on this Treg cell-mediated 
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induction mechanism (Onodera et al., 2009). Upregulation of IDO can also be achieved by 

direct cross-linking of B7-1/-B7-2 molecules on DCs through administration of soluble 

fusion protein CTLA-4-immunoglobulin (CTLA-4-Ig), which promotes tolerance in vivo 

(Grohmann et al., 2002). Consistently, prevention of allograft rejection by CTLA-4-Ig 

requires tryptophan catabolism and is abolished upon pharmacological inhibition of IDO 

(Grohmann et al., 2002). In addition to CTLA-4-dependent mechanisms, expression of IDO 

in DCs can be self-amplified through IDO enzymatic activity-independent immune 

signaling triggered by TGFβ (Pallotta et al., 2011), of which Treg cells are major 

producers. 

1.7.5. The central role of IDO in tumour tolerance 

The bias towards the Treg cell phenotype in IDO-expressing tumours is of importance not 

only due to the inhibitory function of these cells but also due to their potential to cooperate 

with IDO in amplifying the immunosuppressive network in the tumour microenvironment. 

Treg cells can achieve this by imposing tolerogenic properties on DCs through induction of 

IDO, as discussed above, as well as by recruiting and activating other immunosuppressive 

cell populations, such as MDSCs, which can suppress anti-tumour effector T cell responses 

through arginase and iNOS activity and generation of immunosuppressive cytokines like 

TGFβ (Holmgaard et al., 2015) (Figure 1-4). Importantly, inhibiting IDO activity (or 

depleting FoxP3+ Treg cells) prevents MDSC infiltration in human melanoma, releasing 

immunosuppression and delaying tumour growth (Holmgaard et al., 2015), which 

highlights the central role of IDO in the regulation of tumour-induced immune tolerance 

(Figure 1-4).  
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Figure 1-4. IDO-induced immunosuppression in the tumour microenvironment 
IDO-mediated tryptophan catabolism in the tumour microenvironment can hamper the anti-
tumour immune response through multiple mechanisms, including the induction of tumour-
infiltrating CTL proliferative arrest, anergy and apoptosis, interference with optimal CTL 
activation and metabolic function, as well as promotion of Treg cell differentiation and 
activation. Activated Treg cells, in turn, can induce expansion and intra-tumoural 
recruitment of immunosuppressive myeloid populations like MDSCs, which further inhibit 
anti-tumour effector T cell responses through PD-L1-, iNOS-, arginase- and inhibitory 
cytokine-dependent mechanisms. Adapted from (Holmgaard et al., 2015), by permission of 
Elsevier. 
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1.7.5.1. Inhibition of the anti-tumour immune response by arginase 

Arginase enzyme, expressed or secreted by tumour cells and tumour-associated cells, such 

as TAMs and MDSCs, converts the semi-essential amino acid arginine into ornithine and 

urea. Similarly to tryptophan, arginine is required for effector T cell proliferation, and its 

depletion from the local microenvironment through arginase activity leads to T cell 

proliferative arrest, impaired T cell activation and cytokine production (Kropf et al., 2007; 

Munder et al., 2006; Rodriguez et al., 2002), as well as to the polarization of myeloid 

populations into tolerogenic phenotypes (Mussai et al., 2013). Notably, arginase expression 

and release from AML blasts has been shown to play a key role in AML-induced 

immunosuppression (Mussai et al., 2013). 

1.7.6. The effect of tryptophan catabolism on other lymphoid effectors of anti-tumour 

immunity 

Notably, the immunosuppressive effects of IDO are not limited to αβ T cells. IDO activity 

has been reported to restrict γδ T cell reactivity (Romani et al., 2008), modulate cytokine 

responses by iNKT cells, favoring Th2-type cytokines IL-4 and IL-13 over pro-

inflammatory IFNγ (Molano et al., 2008), induce apoptosis of NK cells (Frumento et al., 

2002; Terness et al., 2002), and inhibit NK cell cytolytic function through downregulation 

of activating receptors, including NKG2D (Della Chiesa et al., 2006; Pietra et al., 2012). 

IDO expression in melanoma and ovarian cancer has also been shown to hamper NK cell-

mediated anti-tumour immunity (Pietra et al., 2012; Wang et al., 2012). Others, however, 

argue that IDO is required for (rather than inhibitory of) NK cell cytolytic function (Kai et 

al., 2004) and anti-tumour response (Kai et al., 2003). Further research is required to 

resolve these discrepancies. 
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In summary, there is a growing body of evidence demonstrating the immunosuppressive 

role of IDO in the tumour microenvironment. Immunoregulation by tryptophan catabolism 

involves several pathways, including GCN2, AhR and mTOR, and affects diverse aspects 

of the anti-tumour immune response, ranging from tolerogenic status of APCs to viability, 

differentiation and function of T cells.  

 

1.8. Therapeutic targeting of tryptophan catabolism in cancer 

1.8.1. Inhibition of IDO enzymatic activity 

The key role of IDO in the regulation of tumour-induced immune tolerance makes it a 

promising therapeutic target. One approach of targeting the immunosuppressive tryptophan 

catabolism in cancer is to disrupt the enzymatic activity of IDO. Numerous IDO-targeted 

inhibitors have shown promising results in pre-clinical animal studies, particularly in 

melanoma and breast cancer (Banerjee et al., 2008; Hou et al., 2007; Kumar et al., 2008; 

Metz et al., 2010; Muller et al., 2010), but also in other tumour models, such as 

glioblastoma (Li et al., 2014; Wainwright et al., 2012), lung (Smith et al., 2012), pancreatic 

(Koblish et al., 2010; Liu et al., 2010) and colon cancer (Koblish et al., 2010). IDO 

represents a particularly attractive target for cancer immunotherapy due to its well-studied 

biochemistry (Littlejohn et al., 2003; Sono et al., 1980), resolved crystal structure 

(Sugimoto et al., 2006) and lack of autoimmune disease observed in IDO1-deficient mice 

(Mellor et al., 2003), which is predictive of minimal side effects induced by 

pharmacological IDO blockade. The first IDO inhibitor, 1-methyl-tryptophan (1MT) 

showed best efficacy in tumour rejection when used in combination with chemotherapy 

(Hou et al., 2007; Li et al., 2014; Muller et al., 2005), and has also been reported to 

synergise with anti-CTLA-4 immunotherapy in vivo (Holmgaard et al., 2013). Several IDO 

inhibitors are currently undergoing Phase I/II clinical trials in humans, including NLG8189, 
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INCB024360 and NLG919, among others (http://ClinicalTrials.gov). 1-D-MT (also referred 

to as indoximod or NLG8189), the racemic isoform that demonstrated higher anti-tumour 

efficacy in vivo than 1-L-MT (Hou et al., 2007), has completed the first small-scale Phase I 

clinical trial, showing no substantive toxicity and some anti-tumour activity in combination 

with chemotherapy in patients with metastatic solid tumours (Soliman et al., 2014a). The 

efficacy and safety of indoximod is currently being evaluated in combination with other 

therapies, such as CTLA-4-targeting drug ipilimumab (Zakharia et al., 2015) and anti-

cancer vaccines (Jha and Miller, 2014; Soliman et al., 2014b; Soliman et al., 2015). 

Another promising clinical candidate is the second-generation IDO inhibitor epacadostat 

(also referred to as hydroxyamidine or INCB024360), which has shown efficacy in 

pancreatic (Koblish et al., 2010; Liu et al., 2010) and colon (Koblish et al., 2010) tumour 

models, and is currently being tested in several Phase I/II combination drug trials, including 

its combination with anti-CTLA-4 immunotherapy in metastatic melanoma (Gibney et al., 

2015). In addition to the inhibitors of IDO enzymatic activity, tryptophan catabolism in the 

tumour microenvironment can be targeted using TDO inhibitors, the development of which 

is also underway (Dolusic et al., 2011; Pilotte et al., 2012).  

1.8.2. Inhibition of IDO induction stimuli in the tumour microenvironment 

An alternative strategy to disrupt the IDO-dependent immunosuppressive network is to 

target the molecular signaling events regulating IDO expression in the tumour 

microenvironment. One successful example of such an approach is the tyrosine kinase 

inhibitor imatinib, which has been shown to suppress IDO expression through inhibition of 

oncogenic KIT signaling (Balachandran et al., 2011). Interestingly, the anti-tumour effects 

of imatinib in GIST have been attributed, at least in part, to the downregulation of tumour-

derived IDO expression (Balachandran et al., 2011). Furthermore, IDO induction in the 

tumour microenvironment can be prevented through inhibition of COX-2 activity – an 
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enzyme key for the production of PGE2, which is capable of inducing IDO expression 

(Braun et al., 2005; Sayama et al., 1981; von Bergwelt-Baildon et al., 2006). Quite 

promisingly, early pre-clinical studies have demonstrated that COX-2 inhibition is able to 

reduce the levels of IDO, suppress tumour growth and metastasis, and improve the anti-

tumour efficacy of a dendritic cell-based cancer vaccine (Basu et al., 2006; Lee et al., 

2009). Notably, therapeutic targeting of the upstream pathways controlling IDO expression 

represents an important area of research, as, in addition to IDO enzymatic activity, it could 

be used to block IDO non-enzymatic immune signaling, which has been shown to promote 

immune tolerance (Pallotta et al., 2011) and is likely to be refractory to IDO enzymatic 

inhibitors.  

 

1.9. Amino acid transport 

1.9.1. The SLC superfamily 

Amino acid entry into cells is mediated by substrate-specific transmembrane transport 

proteins or solute carriers (SLCs). Human SLCs are grouped into a large, complex 

superfamily, which comprises 55 families and more than 360 putatively functional 

members able to transport a wide range of substrates, including not only amino acids but 

also inorganic cations and anions (SLC4, SLC8, SLC9, SLC12, SLC20, SLC24, SLC26 

and SLC34 families), sugars (SLC2/GLUT, SLC5, SLC37 and SLC45 families), fatty 

acids, prostaglandins and steroid sulphates (SLC27 and SLCO2 families), vitamins and 

cofactors (SLC19, SLC23, SLC33 and SLC46 families) and metal ions (SLC11, 30, 

SLC31, SLC39, SLC40 and SLC41 families) (He et al., 2009). Amino acid transport is 

mediated by the members of SLC1, SLC6, SLC7, SLC15, SLC16, SLC32, SLC38, SLC36 

and SLC43 families. Notably, amino acid transporters vary in structure, localisation and 

function, and display promiscuous substrate specificities, as outlined in Figure 1-5. system 
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L constitutes the main neutral amino acid transport system in mammalian cells, importing 

large hydrophobic amino acids with branched or aromatic side chains, several of which are 

essential, for example, leucine and tryptophan (Verrey, 2003).  

1.9.2. CD98hc-mediated amino acid transport 

1.9.2.1. system L 

system L is a ubiquitously expressed, sodium-independent transporter composed of the type 

II membrane glycoprotein CD98 heavy chain (CD98hc, or SLC3A2) covalently attached to 

one of several described light chains (Verrey, 2003; Verrey et al., 2004), including LAT1 

(SLC7A5) (Kanai et al., 1998; Mastroberardino et al., 1998), LAT2 (SLC7A8) (Pineda et 

al., 1999; Rossier et al., 1999; Segawa et al., 1999) and LAT3 (SLC43A1) (Babu et al., 

2003), which exhibit distinct tissue distribution (Verrey et al., 2004) and substrate 

specificity (Figure 1-5). For example, while LAT1 is highly expressed in the brain, ovary 

and placenta, LAT2 is particularly abundant in the kidney and small intestine (Rossier et 

al., 1999). Furthermore, LAT2 exhibits broader substrate specificity than LAT1 – while the 

latter prefers large neutral amino acids like tryptophan, phenylalanine, valine, leucine, 

isoleucine, methionine and histidine for its substrates (Kanai et al., 1998), LAT2 also 

accepts small amino acids like alanine, serine and threonine (Segawa et al., 1999) (Figure 

1-5). LAT3, on the other hand, mainly transports phenylalanine, valine, leucine, isoleucine 

and, to a lesser extent, methionine (Babu et al., 2003) (Figure 1-5). Moreover, in contrast 

to LAT1 and LAT2, which require heterodimerisation with CD98hc to achieve functional 

expression, LAT3 can also function by itself (Babu et al., 2003).  

1.9.2.2. system y+L 

In addition to SLC7A5 (LAT1) and SLC7A8 (LAT2), CD98hc can associate with other 

members of the SLC7 family, such as SLC7A6 (y+LAT2) and SLC7A7 (y+LAT1) (known 
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as system y+L). Such heterodimeric transporters accept cationic amino acids like lysine, 

arginine and histidine, while other members of the SLC7 family, including SLC7A1 

(CAT1), SLC7A2 (CAT2) and SLC7A3 (CAT3), are able to transport these amino acids 

independently of CD98hc (Verrey et al., 2004) (Figure 1-5).  

1.9.2.3. system x-
c 

Another transporter able to associate with CD98hc is SLC7A11 (xCT) (known as system 

system x-
c) – a sodium-independent obligatory exchanger, which couples the uptake of 

cystine to glutamate release, thus maintaining the intracellular cystine pool required for the 

synthesis of the reducing agent glutathione (Sato et al., 1999; Verrey et al., 2004).  

1.9.3. The amino acid transport-independent function of CD98hc 

Interestingly, in addition to other amino acid transporters, CD98hc can also form 

complexes with integrins (Kolesnikova et al., 2001) and mediate integrin signaling 

(Fenczik et al., 1997; Feral et al., 2005). The latter function of CD98, which is independent 

of its amino acid transport function, has been implicated in cancer (Cantor and Ginsberg, 

2012) and shown to be important for T and B cell clonal expansion (Cantor et al., 2009; 

Cantor et al., 2011).  
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Figure 1-5. Substrate specificities of human SLC amino acid transporters 
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1.9.4. system L as an obligate amino acid exchanger 

system L is an obligate amino acid exchanger, and its function relies on the expression of 

other amino acid transporters that can provide intracellular substrates like glutamine, for 

which tryptophan and other large amino acids can be subsequently exchanged (Verrey, 

2003). In the SLC superfamily, the high-affinity glutamine transporters are mainly 

represented by the members of the SLC38 (SNAT) family and one member of the SLC1 

family – SLC1A5, although some members of the SLC6 and SLC7 families are also able to 

transport this amino acid (Pochini et al., 2014) (Figure 1-5). Notably, glutamine influx 

facilitated by SLC1A5 has been shown to be critical for system L exchange function, as 

evidenced by the inhibition of LAT1-mediated EAA uptake and the suppression of mTOR 

signaling caused by SLC1A5 silencing or pharmacological blockade (Nicklin et al., 2009).  

1.9.5. The SLC1 family 

SLC1 family consists of seven members, five of which (SLC1A1, SLC1A2, SLC1A3, 

SLC1A6 and SLC1A7) are high-affinity glutamate transporters extensively expressed in 

the brain, which contribute to glutamatergic transmission and protect against glutamate 

excitotoxicity in the central nervous system (Kanai and Hediger, 2004). The other two 

members of the SLC1 family, SLC1A4 (ASCT1) and SLC1A5 (ASCT2), are sodium-

dependent AlaSerCys (ASC) system transporters exhibiting high affinity for small neutral 

amino acids alanine, serine, cysteine and threonine (Kanai and Hediger, 2004) (Figure 1-

5). In contrast to SLC1A4, SLC1A5 also accepts several other amino acids at high affinity, 

one of which is glutamine (Figure 1-5).  

1.9.5.1. SLC1A5 (ASCT2) 

SLC1A5 was originally cloned from human placental choriocarcinoma cell cDNA library 

(Kekuda et al., 1996) and from mouse testis (Utsunomiya-Tate et al., 1996) and is 

expressed in a wide range of tissues (apart from the placenta and testis), including kidney, 
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brain, lung, large intestine and skeletal muscle, among others (Pochini et al., 2014). 

Interestingly, SLC1A5 amino acid transporter can act as a receptor for RD114/simian type 

D retroviruses, facilitating viral cell entry (Rasko et al., 1999; Tailor et al., 1999). SLC1A5 

has also been reported to bind to the fusogenic protein syncytin-1/HERV-W, mediating 

fusions between placental trophoblasts (Blond et al., 2000), as well as between cancer cells 

and endothelial cells (Bjerregaard et al., 2006). 

1.9.6. The role of SLCs in human pathology 

The members of the SLC superfamily play key roles in physiology, including nutrient and 

ion transport and waste removal. Many drug classes also depend on SLCs for cell entry. 

Statin transport, for example, is mediated by SLCO1B1 (Cesar-Razquin et al., 2015). SLCs 

have also been extensively implicated in human pathology. Mutations in SLC6A3, 

SLC12A3 and SLC6A19 genes, for example, have been associated with Parkinsonism 

disease (Kurian et al., 2009), Gitelman’s syndrome (Simon et al., 1996) and Hartnup 

disorder (Seow et al., 2004), respectively. Furthermore, reduced expression of SLC22A5 

and SLC10A2, has been linked to inflammatory bowel disease (Wojtal et al., 2009), while 

SLC15A4 has been shown to be involved in the pathogenesis of lupus-like disease 

(Kobayashi et al., 2014).  

1.9.6.1. The role of SLCs in tumour development 

1.9.6.1.1. Amino acid transporters 

Notably, several amino acid transporters exhibit strong overexpression in cancer, including 

CD98hc, SLC7A5, SLC1A5, SLC7A11 and SLC6A14 (Bhutia et al., 2015; Cantor and 

Ginsberg, 2012; Fuchs and Bode, 2005; Ganapathy et al., 2009), all of which constitute 

either direct or indirect targets of Myc, as well as other oncogenes, such as Ets-1 (Bhutia et 

al., 2015). CD98hc, for example, appears to promote tumour cell proliferation, invasion, 

anchorage-independence and apoptosis resistance, although these effects may depend on 
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the integrin signaling rather than amino acid transport function of CD98hc (Cantor and 

Ginsberg, 2012). The expression of CD98hc-associated light chain LAT1 has also been 

reported to correlate with tumour cell proliferation (Kobayashi et al., 2008). Consistently, 

pharmacological blockade or genetic disruption of LAT1 suppresses tumour cell growth in 

several model systems (Cormerais et al., 2016; Kim et al., 2008a; Oda et al., 2010; Yun et 

al., 2014). A similar effect is also exerted by the inhibition or knockdown of the high-

affinity glutamine amino acid transporter SLC1A5, which demonstrates elevated 

expression in various cancer types, including breast cancer (van Geldermalsen et al., 2016), 

escpecially HER2 type (Kim et al., 2013), melanoma (Wang et al., 2014), neuroblastoma 

(Ren et al., 2015), lung cancer (Hassanein et al., 2013; Hassanein et al., 2015), colorectal 

cancer (Huang et al., 2014) and prostate cancer (Wang et al., 2015a). Furthermore, 

SLC7A11 cysteine/glutamate transporter, which is upregulated in triple-negative breast 

cancer (Timmerman et al., 2013), has been reported to facilitate tumour growth through 

promotion of glutathione-mediated reduction of oxidative damage (Ishimoto et al., 2011). 

Consistently with the role of SLC7A11 in	
  tumorigenesis, its overexpression is inhibited by 

the tumour suppressor gene p53 (Jiang et al., 2015). 

1.9.6.1.2. Glucose and lactate transporters 

In addition to amino acid transporters, glucose transporters are also commonly upregulated 

in cancer, particularly, SLC2A1 (GLUT1) and SLC5A1 (SGLT1), which enhance glucose 

entry into tumour cells, leading to increased anaerobic glycolysis typical of transformed 

cells (Ganapathy et al., 2009). Moreover, cancer cells also commonly exhibit elevated 

levels of the lactate transporter SLC16A1 (monocarboxylate transporter 1, MCT1), which 

allows to prevent cellular acidification as a result of lactate (the end of product of anaerobic 

glycolysis) accumulation (Ganapathy et al., 2009). 
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1.9.7. Therapeutic targeting of SLCs 

The diverse biology of the SLC superfamily provides exciting opportunities for therapeutic 

intervention. Notably, a number of FDA-approved drugs are known to target specific SLCs, 

including members of the SLC6 neurotransmitter transporter family (treatment of 

depression, epilepsy and addiction), members of the SLC12 ion transporter family 

(treatment of diuresis) and members of the SLC22 organic anion transporter family 

(treatment of uricosuresis and gout), among others (Cesar-Razquin et al., 2015; Rask-

Andersen et al., 2013). Although there are some clinical trials assessing safety and efficacy 

of SLC-targeting drugs in cancer (e.g. SLC2 and SLC5 family glucose transporters) (Rask-

Andersen et al., 2013), this still remains a relatively under-studied field. Thus, improving 

our understanding of SLC involvement in neoplasia would be critical for the identification 

of novel anti-cancer targets. 
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1.10. Aims of the project 

A large proportion of human tumours exploit tryptophan catabolism as a means to induce 

an immunosuppressive microenvironment. However, it remains unclear how tumour cells 

themselves are able to resist the dramatic tryptophan shortage that they impose on the main 

effectors of anti-tumour immunity – T lymphocytes. We hypothesised that IDO- and TDO-

expressing tumour cells may be able to compensate for local tryptophan depletion in the 

tumour microenvironment through upregulation of amino acid transport.  

To address this hypothesis, we set the following aims for this study: 

a) to investigate the effect of tryptophan catabolism on tumour cell whole 

transcriptome profile, particularly the amino acid transporter expression profile 

b) to study the biological function of the most interesting amino acid transporter 

candidate(s) upregulated in IDO- and TDO-expressing tumour cells 

c) to assess whether amino acid transporter reprogramming confers tumour cells with a 

functional advantage in a low tryptophan microenvironment 

d) to determine the mechanisms mediating the changes in amino acid transporter 

profiling in IDO- and TDO-expressing tumour cells  

e) to assess amino acid transporter expression in resident immune cells of the tumour 

microenvironment 

f) to study T cell response to tryptophan starvation 

g) to study the association between tryptophan catabolism and amino acid transporter 

expression in vivo and in primary human tumour samples 
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CHAPTER 2: Materials and Methods 

 

2.1. Cell lines and culture media 

The HeLa, A431, DX3, HPAF and DU145 tumour cell lines were obtained from Cancer 

Research UK. HeLa cells were cultured in Minimum Essential Medium (MEM) 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 2mM 

glutamine (Sigma-Aldrich). A431, DX3 and HPAF cells were maintained in Dulbecco's 

Modified Eagle Medium (DMEM) supplemented with 10% FBS, 1% 

penicillin/streptomycin and 2mM glutamine. DU145 cells were cultured in RPMI-1640 

medium supplemented with 10% FBS, 1% penicillin/streptomycin and 2mM glutamine 

(further referred to as R10). Customised DMEM depleted of tryptophan, glutamine, 

arginine, leucine, isoleucine, glycine and serine (Life Technologies) was supplemented 

with 15mg/ml phenol red (Sigma-Aldrich), 10% dialysed FBS (Life Technologies), 1% 

penicillin/streptomycin and the missing amino acids accordingly. Tryptophan, glutamine, 

arginine, leucine, isoleucine, glycine and serine were supplemented to the following final 

concentrations in the medium: 80µM, 2mM, 400µM, 800µM, 800µM, 400µM and 400µM, 

respectively. Tryptophan, glutamine, leucine, isoleucine and serine solutions were prepared 

from powder (Sigma-Aldrich), while 1M glycine and 100mM arginine hydrochloride were 

purchased in solution (Sigma-Aldrich). Before being resuspended in amino acid-depleted 

medium, cells were washed twice in ice-cold phosphate buffered saline (PBS) (Sigma-

Aldrich). 

HeLa cells overexpressing human IDO1 with green fluorescent protein (GFP), human 

TDO2 with GFP or GFP alone, as well as EG7 cells overexpressing mouse IDO1 with GFP 

or GFP alone had been generated previously (Silk et al., 2011). Transduced EG7 cells were 
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cultured in R10 supplemented with 0.1% β-mercaptoethanol and 0.4mg/ml G418 (Sigma-

Aldrich). Transduced HeLa and EG7 cells were regularly FACS re-sorted on the basis of 

GFP expression. IDO expression and enzymatic activity were verified by quantitative PCR 

and high performance liquid chromatography (HPLC), respectively. 

 

2.2. Antibodies and chemicals  

2.2.1. Antibodies used for Western blotting 

Primary Western blotting antibodies were obtained from the following sources: SLC1A5 

#ABN73 (Merck Millipore); β-actin #8457 (Cell Signaling Technology); β-tubulin #15115 

(Cell Signaling Technology); FLAG tag #14793 (Cell Signaling Technology); HA tag 

#3724 (Cell Signaling Technology); pS6 (Ser240/244) #5364 (Cell Signaling Technology); 

S6 #2217 (Cell Signaling Technology); LAT1 #5347 (Cell Signaling Technology); ATF4 

#11815 (Cell Signaling Technology); GCN2 #3302 (Cell Signaling Technology); WARS 

#EPR3424 (Abcam). Primary antibodies (all anti-rabbit) were used at 1:1000. Donkey anti-

rabbit horseradish peroxidise (HRP)-conjugated affinity-purified F(ab')2 Fragment (H+L) 

secondary antibody #711-036-152 (Jackson ImmunoResearch laboratories) was used at 

1:10,000. 

 2.2.2. Antibodies used for flow cytometry 

 

Target Conjugated 
fluorophore Company # number Dilu-

tion  
Type of 
staining 

Anti-human 

CD25 Brilliant 
Violet 421™ Biolegend #302629 1:40 Surface 

CD3 APC BD 
Biosciences #555335 1:40 Surface 

CD3 PE eBioscience #12-0037 1:40 Surface 

CD4 FITC eBioscience #11-0048 1:40 Surface 



	
  
70 

 

Table 2-1. Antibodies used for flow cytometry analysis 
 

2.2.3. Chemicals 

O-Benzyl-L-serine and kynurenine were purchased from Sigma-Aldrich. 6-

formylindolo[3,2-b]carbazole (FICZ) was from Enzo Life Sciences. Recombinant human 

IFNγ was purchased from PeproTech and was used at 1000 U/ml. IL-1β, IL-6, TNFα were 

from PeproTech. LPS from Escherichia coli and PGE2 were from Sigma-Aldrich.  

CD4 PE BD 
Biosciences #347327 1:40 Surface 

CD4 PerCP- 
eFluor® 710 eBioscience #46-0047 1:80 Surface 

CD45 PE/Cy7 BD 
Biosciences #557748 1:200 Surface 

CD8 APC/Cy7 Biolegend #344714 1:40 Surface 

CD8 FITC BD 
Biosciences #555634 1:40 Surface 

CD80 PE BD 
Biosciences #557227 1:40 Surface 

FoxP3 PE eBioscience #12-4777 1:40 Intranuclear 

HA tag None Cell Signaling 
Technology #3724 1:1000 Surface/ 

cytoplasmic 

HLA-ABC FITC BD 
Biosciences #555552 1:40 Surface 

Ki67 PECy7 Biolegend #350525 1:40 Intranuclear 

TCR  Vα24 FITC Beckman 
Coulter #IM1589 1:80 Surface 

TCR Vβ11 APC Beckman 
Coulter #A66905 1:80 Surface 

Anti-mouse 

CD45.2  APC eBioscience #17-0454-82 1:300 Surface 

Secondary antibodies 

Goat anti-
mouse 

Alexa 
Fluor® 647 

ThermoFisher 
Scientific A21235 1:500 Surface 

Goat anti-
rabbit  

 Alexa 
Fluor® 647 

ThermoFisher 
Scientific A21245 1:500 Surface/ 

cytoplasmic 
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2.3. Analysis of gene expression 

2.3.1. Transcriptome sequencing (RNA-seq)  

RNA was isolated from untreated WT, WT treated with 1000 U/ml IFNγ, GFP-transduced 

and IDO1-transduced HeLa cells seeded at density of 1x105 cells per ml in 1.5ml complete 

Minimum Essential Medium per well in a 12-well plate for 48 or 72 hours (h). 

Sequencing library was made by following standard protocol: 

http://www.illumina.com/documents/products/technotes/technote-truseq-rna-access.pdf.   

Superscript III reverse transcriptase (Life Technologies) and Illumina’s TruSeq Stranded 

Total RNA Sample Prep Kit (Illumina) were used for making the cDNA library. 2x100 bp 

paired-end reads were produced with Illimina Hi-seq sequencer. After quality and adaptor 

trimming, an average of ~115 million reads were generated for each sample of which there 

was a single replicate. Reads were trimmed using TrimGalore 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned with TopHat 

version 1.1.4 (Trapnell et al., 2009). Reads were aligned to the GRCh37/hg19 human 

reference genome build and quantified by Cufflinks (Trapnell et al., 2010) as fragments per 

kilobase million (FPKM). Using MetaCore (https://portal.genego.com/), pathways that 

contained SLC transporter genes and showed interactions with tryptophan were enriched 

for and the candidates’ FPKM and read coverage were assessed by visualizing the data as a 

bigwig file in the UCSC Genome Browser (Kent et al., 2002), which showed SLC1A5 to 

have a distribution of reads across exons that suggested potential isoform expression. 

Unsupervised clustering of the normalised data of the 2000 genes with highest upregulation 

in all four conditions (IDO1-transduced vs GFP-transduced HeLa cells cultured for 48h; 

IDO1-transduced vs GFP-transduced HeLa cells cultured for 72h; IFNγ-treated vs 

untreated WT HeLa cells cultured for 48h; IFNγ-treated vs untreated WT HeLa cells 

cultured for 72h) was performed using GENE-E 



	
  
72 

(http://www.broadinstitute.org/cancer/software/GENE-E/index.html), with all the 

clustering analyses performed using one minus Pearson correlation. 

The data has been deposited in the GEO database (GEO accession GSE75956). 

2.3.2. Real-time quantitative reverse transcription PCR (q-RT-PCR) 

RNA for q-RT-PCR analysis was isolated using the NucleoSpin® RNA kit (Macherey 

Nagel) and cDNA was synthesised in the presence of oligo-dT primers using the 

RETROscript® Kit (Ambion) according to the manufacturer’s instructions. Human 

SLC1A5(L), SLC1A5(M) and SLC1A5(S) q-RT-PCR probes and primers were designed 

manually using Primer Express® Software (Life Technologies): 

SLC1A5(L)_q-RT-PCR_FW 5’-CAAGAGCCAAGGAACTTCAG-3’   

SLC1A5(L)_q-RT-PCR_RV 5’-CCTAGGACTGAGTTGAGTAACA-3’  

SLC1A5(L)_q-RT-PCR_probe 5’-TGGAGACTGGAACTTTGGAGGGC-3'  

SLC1A5(M)_q-RT-PCR_FW 5’- CGGGCTGAGGCATGAGTAG-3’ 

SLC1A5(M)_q-RT-PCR_RV 5’-GTTTTAAGGCAGCGAGTGGAA-3’ 

SLC1A5(M)_q-RT-PCR_probe 5’- TGTATTTGCGTGCAGGC-3’ 

SLC1A5(S)_q-RT-PCR_FW 5’-TTAGGAAAACTCGACAGGATATTGAG-3’ 

SLC1A5(S)_q-RT-PCR_RV 5’-CCAGGTTGGAAGGGAAGATATTT-3’ 

SLC1A5(S)_q-RT-PCR_probe 5’-CTCCAGCCCTCGGGA-3’ 

Forward (FW) and reverse (RV) primers were used at the final concentration of 900nM, 

and the probe – at 250nM. 

The rest of the mRNA expression analysis was performed using commercially available 

TaqMan® probes described in Table 2-2 (Life Technologies), following the 

manufacturer’s instructions. The reactions were run on the 7500 Fast Real-Time PCR 

System (Applied Biosystems). 
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Table 2-2. TaqMan® probes used for q-RT-PCR analysis 
 

2.4. Gene overexpression using lentiviral vectors 

2.4.1. Cloning of SLC1A5 isoforms 

2.4.1.1. The pHR-SLC1A5(L)-IRES-GFP and pHR-SLC1A5(S)-IRES-GFP constructs 

To generate a lentiviral vector coding for human SLC1A5(L) or SLC1A5(S) under a strong 

spleen focus-forming virus (SFFV) promoter and internal ribosomal entry site element 

(IRES) driving the expression of GFP as a reporter gene, parental vector pHR-SIN-IRES-

GFP (see vector map in Appendix I) was digested with BamHI and XhoI (New England 

Biolabs) at 37°C for 1.5h, and the digested product was gel-purified using the QIAquick® 

Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions. cDNA for 

SLC1A5(L) and SLC1A5(S) was PCR amplified with the Phusion® High-Fidelity DNA 

Polymerase (New England Biolabs), using one of the FW primers, SLC1A5(L)_BglII_FW 

or SLC1A5(S)_BglII_FW, and a universal RV cloning primer SLC1A5_XhoI_RV (Table 

2-3). SLC1A5(L)_BglII_FW primer was also used to introduce a silent point mutation 

Gene Amplicon 
length # number 

Human 
18S 187 Hs99999901_s1 

ACTB 171 Hs99999903_m1 
ASNS 69 Hs04186194_m1 

GAPDH 122 Hs99999905_m1 
GPT2 71 Hs00370287_m1 

HOXB9 65 Hs00256886_m1 
HPRT 100 Hs99999909_m1 
IDO1 66 Hs00984148_m1 

SLC1A4 74 Hs00983079_m1 
SLC1A5 68 Hs01056542_m1 
SLC7A11 57 Hs00921938_m1 

TDO2 74 Hs00194611_m1 
WARS 60 Hs00188259_m1 

Mouse 
ACTB 143 Mm02619580_g1 
IDO1 83 Mm00492590_m1 

SLC1A5 59 Mm00436603_m1 
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(TàA) to destroy an internal XhoI recognition site at the 5’ end of the SLC1A5(L) 

sequence to ease the cloning process. The PCR products were digested with BglII and XhoI 

(New England Biolabs) at 37°C for 1.5h and gel-purified using the QIAquick® Gel 

Extraction Kit (Qiagen) according to the manufacturer’s instructions. The digested pHR-

SIN-IRES-GFP vector and SLC1A5(L) or SLC1A5(S) insert were ligated using T4 DNA 

ligase (New England Biolabs) at 14°C overnight (Figure 2-1).  

2.4.1.2. The pHR-SLC1A5(L)-HA-IRES-GFP and pHR-SLC1A5(L)-FLAG-IRES-

GFP constructs 

To generate lentiviral vectors coding for human SLC1A5(L) or SLC1A5(S) tagged with 

HA or FLAG at the C-terminus, parental vector pHR-SIN-IRES-GFP was digested with 

BamHI and XhoI and gel-purified as described in 2.4.1.1. cDNA for SLC1A5(L) fused at 

the 3’ end to a sequence encoding either HA or FLAG epitope was PCR amplified using 

SLC1A5(L)_BglII_FW and one of the reverse primers: SLC1A5_HA_BglII_XhoI_RV or 

SLC1A5_FLAG_BglII_XhoI_RV, respectively (Table 2-3). The PCR products were then 

digested with BglII and XhoI, gel-purified and ligated with the BamHI/XhoI-flanked pHR-

SIN-IRES-GFP vector as described in 2.4.1.1 (Figure 2-1). 
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Figure 2-1. Cloning of SLC1A5 into the pHR-SIN-IRES-GFP expression vector 
Cloning strategy used for the generation of pHR-SLC1A5(L)-IRES-GFP, pHR-
SLC1A5(S)-IRES-GFP, pHR-SLC1A5(L)-HA-IRES-GFP and pHR-SLC1A5(L)-FLAG-
IRES-GFP constructs. Cloning was performed as described in Chapters 2.4.1.1 and 2.4.1.2. 
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2.4.1.3. The pHR-SLC1A5(S)-HA-IRES-mCherry construct 

pHR-SLC1A5(S)-HA-IRES-mCherry construct was generated by inserting the ligated 

SLC1A5(S)-HA-IRES cDNA product into the pHR-SIN-mCherry lentiviral vector (see 

vector map in Appendix II). Parental vector pHR-SIN-mCherry was digested with MluI and 

BamHI (New England Biolabs) at 37°C for 1.5h, and the digested product was gel-purified 

using the QIAquick® Gel Extraction Kit according to the manufacturer’s instructions. 

cDNA for SLC1A5(S) fused at the 3’ end to a sequence encoding HA epitope was PCR 

amplified using SLC1A5(S)_MluI_FW and SLC1A5_HA_BglII_XhoI_RV (Table 2-3), 

and digested with BglII (New England Biolabs) at 37°C for 1.5h. cDNA for IRES was PCR 

amplified using IRES_BclI_FW and IRES_BamHI_RV (Table 2-3), and digested with 

BclI. The digested products were then ligated using T4 DNA ligase (New England Biolabs) 

at 14°C overnight to create the SLC1A5(S)-HA-IRES cDNA product. The latter was PCR 

amplified using SLC1A5(S)_MluI_FW and IRES_BamHI_RV, digested with MluI and 

BamHI (New England Biolabs) at 37°C for 1.5h and gel-purified using the QIAquick® Gel 

Extraction Kit according to the manufacturer’s instructions. The digested product was then 

inserted into MluI/BamHI-flanked pHR-SIN-mCherry plasmid through ligation with T4 

DNA ligase at 14°C overnight (Figure 2-2).  
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Figure 2-2. Cloning of SLC1A5 into the pHR-SIN-mCherry expression vector 
Cloning strategy used for the generation of the pHR-SLC1A5(S)-HA-IRES-mCherry 
construct. Cloning was performed as described in Chapter 2.4.1.3. 
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2.4.2. Transformation of competent bacteria and plasmid purification 

Chemically-competent DH5α E. coli cells (25–50µl) were transformed with the ligation 

mixture (1–10µl) by incubating for 10 min on ice, 45 sec at 42°C and another 2 min on ice. 

After transformation bacteria were incubated shaking horizontally in 200µl Luria-Bertani 

(LB) broth for 45 min at 37°C. Transformed bacteria were then plated on LB agar plates 

containing 100µg/ml ampicillin. Following an overnight incubation at 37°C, ampicillin-

resistant single colonies were picked and screened for the correct insertion of the sequence 

of interest with the MangoTaq™ DNA Polymerase PCR kit (Bioline), using primers from 

the first cDNA PCR amplification step. Colonies positive for the desired insert expression 

were picked and grown in 5ml LB broth containing 100µg/ml ampicillin in a shaking 

incubator at 37°C and 200 rpm overnight. Plasmids were purified using the QIAprep® Spin 

Miniprep kit (Qiagen) according to the manufacturer’s instructions and sequence-verified 

with primers SFFV_FW and IRES_RV (Table 2-3). Once the insert sequence was 

confirmed in full, the QIAGEN Plasmid Midi Kit (Qiagen) was used for plasmid 

purification from 500ml cultures of bacteria that had been grown in LB containing 

100µg/ml ampicillin at 37°C and 200 rpm overnight.  

2.4.3. Lentiviral transduction 

Human embryonic kidney (HEK293T) cells were used as a packaging cell line for lentiviral 

particles encoding SLC1A5(L) or SLC1A5(S). To produce lentiviral particles, HEK293T 

cells were co-transfected with packaging plasmids encoding VSV-G and Gag-Pol, as well 

as the appropriate lentiviral vectors using the X-tremeGENE 9 transfection reagent (Roche) 

according to the manufacturer’s instructions. WT HeLa cells were transduced by adding 

48h supernatants to the cells. Alternatively, the virus was concentrated by layering pooled 

24, 48 and 72h supernatants onto 20% (w/v) sucrose solution in sterilised oak ridge tubes 

(Nalgene) and centrifuging at 24,000 rpm in a fixed-angle JA-25.50 rotor (Beckman 
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Coulter) for 2h at 4°C. Concentrated virus pellet was then resuspended in PBS, aliquoted, 

and stored at -80ºC. WT HeLa cells were transduced by adding concentrated virus directly 

to the cells. 

Where applicable, transduced cells were FACS sorted on the basis of GFP/mCherry 

expression. Double transfected HeLa cells were generated by simultaneously transducing 

the cells with two lentiviruses (one encoding FLAG-tagged SLC1A5(L) with GFP and the 

other encoding HA-tagged SLC1A5(S) with mCherry, Chapter 3.2.1.) and sorting on the 

GFP+ mCherry+ population. SLC1A5 expression in transduced cells was confirmed by 

Western blotting and/or flow cytometry.  
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2.4.4. Primers 

All primers were obtained from MWG Eurofins and resuspended to 100µM in double-

distilled water. Primer working concentration was 5µM. Primers used for cloning and 

sequencing are outlined in Table 2-3.  

 

Table 2-3. Primers used for cloning and sequencing 
Restriction enzyme recognition sites are shown in bold (black bold: BglII restriction site; 
grey bold: XhoI; purple bold: MluI; blue bold: BclI; red bold: BamHI) and introduced silent 
point mutations are underlined. Sequences encoding FLAG and HA epitopes are shown in 
red and orange, respectively. FW = forward primer, RV = reverse primer. 
 

Primer name Primer sequence 
Primers used for cloning 
SLC1A5(L)_BglII_FW 5’-CCGAGATCTATGGTGGCCGATCCTCCACGAGAC 

TCC-3’ 
SLC1A5(S)_BglII_FW 5’-CCGAGATCTATGAACATCCTGGGCTTGGTAGTG-3’ 
SLC1A5_XhoI_RV 5’-CCGCTCGAGTTACATGACTGATTCCTTCTCAG-3’ 

SLC1A5_FLAG_BglII_
XhoI_RV 

5’-
CCGAGATCTCTCGAGTTACTTATCGTCGTCATCCTT
GTAATCCATGACTGATTCCTTCTCAG-3’ 

SLC1A5_HA_BglII_Xho
I_RV 

5’-
CGAGATCTCTCGAGTTAAGCGTAATCTGGAACATCG
TATGGGTACATGACTGATTCCTTCTCAG-3’ 

SLC1A5(S)_MluI_FW 5’- CCGACGCGTATGAACATCCTGGGCTTGGTAGTG-
3’ 

IRES_BclI_FW 5'-GCGTGATCATTATCTGCAACTCC-3' 

IRES_BamHI_RV 5’-CCGGGATCCTTGTGGCCATATTATCATCGTG-3’ 

Primers used for sequencing 
SFFV_FW 5’-TGCTTCTCGCTTCTGTTCG-3’ 
IRES_RV 5’-ACATATAGACAAACGCACACCG-3’. 
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2.5. CRISPR-Cas9-mediated gene silencing 

CRISPR-Cas9 technology was used to silence SLC1A5, ATF4, and LAT1 by targeting 

unique sequences in the coding region of exon 4 of SLC1A5, exon 1 of ATF4, and exon 1 

of LAT1. Cas9 and the chimeric guide RNA were delivered to WT HeLa cells using a 

pX330 construct or the lentiCRISPRv2 construct (Addgene plasmid #52961). All 

oligonucleotides used to generate CRISPR guide sequences were purchased from MWG 

Eurofins and IDT, and are described in Table 2-4. 

 

 

Table 2-4. Oligonucleotides used for generation of CRISPR guide sequences targeting 
SLC1A5, ATF4 or LAT1 
	
  
	
  
	
  
2.5.1 Lentiviral CRISPR-Cas9-mediated gene knockdown  

SLC1A5 and ATF4 knockdown cell lines were generated using the lentiCRISPRv2 

construct (a gift from Feng Zhang; Addgene plasmid #52961). In short, SLC1A5- or ATF4-

specific guides were designed using crispr.mit.edu server (Hsu et al., 2013) and added to 

the lentiCRISPR vector as previously described (Sanjana et al., 2014; Shalem et al., 2014). 

Lentiviral particles expressing Cas9 and the guide RNA were generated by co-transfection 

of HEK293T cells with the lentiCRISPRv2 plasmid alongside the packaging vectors 

encoding VSV-G and Gag-pol. The virus particles were concentrated and used to transfect 

WT HeLa cells (as described in Chapter 2.4.3) followed by selection with 1µg/ml 

puromycin. The efficiency of the knockdowns was confirmed by Western blotting. 

Primer name Genomic target Primer sequence (5’ to 3’) 
SLC1A5_gs_sense SLC1A5 exon 4 CACCGGTAGTGTTTGCCATCGTCTT 
SLC1A5_gs_antisense SLC1A5 exon 4 AAACAAGACGATGGCAAACACTAC

C 
ATF4_gs_sense ATF4 exon 1 CACCGCCACTCACCCTTGCTGTTGT 
ATF4_gs_antisense ATF4 exon 1 AAACACAACAGCAAGGGTGAGTGG

C 
LAT1_gs_sense LAT1 exon 1 CACCGGGGAACATCACGCTACTCA 
LAT1_gs_antisense LAT1 exon 1 AAACTGAGTAGCGTGATGTTCCCC 
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2.5.2 Generation of monoclonal CRISPR-Cas9 knockout cell lines  

LAT1-/- monoclonal cell lines were generated using the pX330-EGFP-P2A-Neo construct 

(modified from pX330 and kindly provided by Dr. Joey Riepsaame); the parent plasmid, 

pX330-U6-Chimeric_BB-CBh-hSpCas9, was a gift from Feng Zhang (Addgene plasmid 

#42230) (Cong et al., 2013). A LAT1-specific guide was designed and inserted into the 

pX330-EGFP-P2A-Neo plasmid, and then used to transfect WT HeLa cells using 

Lipofectamine® 2000 following the manufacturer’s instructions (Life Technologies). 

Single-cell FACS sorting was performed 24–48h post-transfection on the basis of GFP 

positivity. The monoclones were grown and screened for the success of LAT1 knockout by 

Western blotting. 

 

2.6. shRNA-mediated gene silencing  

GCN2 shRNA  

(sequence CCGGGCCTAACTGGTGAAGAAGTATCTCGAGATACTTCTTCACCAGT 

TAGGCTTTTTG) and ATF4 shRNA (sequence CCGGGCCTAGGTCTCTTA 

GATGATTCTCGAGAATCATCTAAGAGACCTAGGCTTTTT) lentiviral transduction 

particles were obtained from Sigma-Aldrich. The shRNA, under the control of the U6 

promoter, were expressed using pLKO.1 plasmids, allowing selection of transduced cells 

with 1µg/ml puromycin. MISSION® pLKO.1-puro Non-Mammalian shRNA vector 

(Sigma-Aldrich) served as shRNA control, which targets no known mammalian genes. 

Lentiviral transduction was performed as described in Chapter 2.4.3. 
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2.7. Analysis of protein expression 

2.7.1. Cell lysis 

Adherent cells were washed twice in ice-cold PBS, after which ice-cold lysis buffer (20mM 

Tris-HCl [pH 7.5], 150mM NaCl, 1mM ethylenediaminetetraacetic acid (EDTA), 1% 

Triton X-100, 1mM EGTA, 2.5mM sodium-pyrophosphate decahydrate, 1mM β-

glycerophosphate) supplemented with protease inhibitors (Roche) was added directly to the 

plates and the cells were harvested using a cell scraper. Non-adherent cells were harvested 

and washed twice in ice-cold PBS, after which supernatant was aspirated entirely and the 

cells were resuspended in ice-cold lysis buffer supplemented with protease inhibitors. 25µl 

lysis buffer was used for 106 cells. Cells were then vortexed and incubated for 30 min on 

ice, vortexing periodically. Cell debris and nuclei were removed by centrifugation at 13,000 

rpm for 30 min at 4°C. Supernatant was collected. 

2.7.2. Determination of protein concentration 

Protein concentration in lysates was established using the bicinchoninic acid (BCA) protein 

assay kit (Pierce). The assay was performed according to the manufacturer’s instructions on 

cell lysates diluted 1:5 and/or 1:10 in double-distilled water. 10-30µg of each sample was 

then mixed 3:1 with 3X SDS sample buffer (New England Biolabs) and 125µM DTT (New 

England Biolabs), boiled for 5 min at 70°C, replaced on ice and centrifuged at 13,000 rpm 

for 1 min.  

2.7.3. Western blotting 

Samples were resolved on NuPAGE Novex 4–12% Bis-Tris gels (Invitrogen), assembled in 

a running chamber filled with MES running buffer (Invitrogen). Separation was performed 

for 1h at a constant voltage of 170V. The resolved proteins were then transferred onto a 

Hybond-P PVDF membrane (GE Healthcare), which was subsequently blocked with 5% 
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milk powder dissolved in PBS supplemented with 0.5% (v/v) Tween-20 (Sigma-Aldrich) 

(further referred to as PBS-T) for 30 min at room temperature (RT). The membrane was 

then incubated with a primary antibody (Chapter 2.2.1) in 2.5% milk powder in PBS-T for 

1h at RT, or at 4°C overnight. After three 10 min washes in PBS-T, the membrane was 

incubated with a secondary HRP-conjugated secondary antibody (Chapter 2.2.1) in PBS-T 

for 1h at RT, or at 4°C overnight. This was followed by three 15 min washes in PBS-T and 

a final 5 min wash in PBS. HRP activity was detected by chemiluminescence using ECL 

Plus Western blotting Substrate (Pierce) or SuperSignal West Femto Chemiluminescent 

Substrate (Thermo Scientific) according to the manufacturer’s instructions. Luminescence 

was captured on FUJI SUPER-RX films (Fleischhacker) and with an ImageQuant (GE 

Healthcare). Band intensity analysis was performed using ImageJ software (NIH) and 

Microsoft Excel, and included normalization of the band intensity to the loading controls. 

2.7.3.1 Membrane stripping 

For reprobing the same blot with a different antibody, Hybond-P PVDF membranes were 

stripped by incubation in 62.5mM Tris-HCl [pH 6.8], 2% SDS and 0.7% β-

mercaptoethanol solution for 30 min at 50°C, followed by at least three 10 min washes in 

PBS-T. The membranes were then re-blocked with 5% milk powder dissolved in PBS-T 

and stained with primary and secondary antibodies as described above. 

2.7.4. PNGase F and EndoH treatment 

Where indicated, samples were digested with Endoglycosidase H (EndoH) or N-

Glycosidase F (PNGase F) (New England Biolabs) according to the manufacturer’s 

instructions. Briefly, lysates were first denatured in 10X Glycoprotein Denaturing Buffer 

(New England Biolabs) for 10 min at 95°C, followed by EndoH or PNGase F digesion for 

1h at 37°C. 
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2.7.5. Immunoprecipitation 

Cell lysates were obtained as described in Chapter 2.7.1 and pre-cleared for 1h at 4°C with 

mouse IgG-Agarose (#A0919, Sigma-Aldrich). For immunoprecipitation, samples were 

incubated for 2h at 4°C with anti-FLAG (M2)–Agarose (#A2220, Sigma-Aldrich). Agarose 

was then washed 4 times with ice-cold co-immunoprecipitation buffer made of 50mM Tris-

HCl [pH 7.5], 1mM EDTA, 150mM NaCl and 0.5% Nonidet P-40. Bound proteins were 

eluted by incubation with 3X FLAG peptide (#F4799, Sigma-Aldrich) and analysed by 

Western blotting. 

 

2.8. Flow cytometry 

2.8.1. Cell viability and cell surface staining 

Cells were harvested, transferred to a 96 well plate and washed twice in PBS. Cells were 

stained with LIVE/DEAD® Fixable Aqua Dead Cell Stain (#L34957, ThermoFisher 

Scientific) for 20 min at 4°C. The stock was made up according to the manufacturer’s 

instructions and diluted 1:250 in PBS for the staining. After live/dead staining, cells were 

washed in PBS containing 1% FBS (further referred to as FACS buffer). In experiments 

with amino acid-depleted medium FACS buffer was made up with 1% dialysed FBS. 

Antibodies were added to the cells at the indicated concentrations (Table 2-1) and 

incubated for 25-30 min at 4°C. Cells were then washed twice in FACS buffer, transferred 

to FACS tubes and run on Cyan analyser. 

2.8.1.1. Propidium iodide cell viability staining 

Where indicated, 10µg/mL propidium iodide (#P3566, ThermoFisher Scientific) was added 

to the cells just prior to flow cytometry analysis. 
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2.8.2. Cytoplasmic staining 

Where indicated, live/dead and cell surface staining were performed as described above. 

Cells were then fixed in 100µl Intracellular Fixation Buffer (eBioscience) for 20 min at RT, 

and washed in 1X Permeabilization Buffer (PB) (eBioscience). Cells were blocked in 1X 

PB supplemented with 1% BSA, 5% FBS, 5% human serum, 5% goat serum and human 

BD Fc block (BD Biosciences) used at 1:100 for 30 min at RT. Intracellular antibodies 

were diluted in 1X PB and added to the cells at the indicated concentrations (Table 2-1) for 

25–30 min at RT. Cells were then washed in 1X PB and FACS buffer, resuspended in 

FACS buffer, transferred to FACS tubes and run on Cyan analyzer. 

2.8.3. Intranuclear staining 

Where indicated, live/dead and cell surface staining were performed as described above. 

Cells were then fixed in 100µl FOXP3 Fix/Perm buffer (Biolegend) working solution 

(prepared according to the manufacturer’s instructions) for 45 min at RT, and washed in 1X 

FOXP3 PB (Biolegend). Cells were blocked in 1X FOXP3 PB supplemented with 1% 

BSA, 5% FBS, 5% human serum, 5% goat serum and human BD Fc block (BD 

Biosciences) used at 1:100 for 30 min at RT. Intranuclear antibodies were diluted in 1X 

FOXP3 PB and added to the cells at the indicated concentrations (Table 2-1) for 45 min at 

RT. Cells were then washed in 1X FOXP3 PB and FACS buffer, resuspended in FACS 

buffer, transferred to FACS tubes and run on Cyan analyser. 

2.8.4. CFSE staining 

Cells were washed in ice-cold PBS, followed by another wash in RT PBS. CellTrace™ 

CFSE staining solution (ThermoFisher Scientific) was added to the cells (1x107 cells/ml) at 

the final concentration of 0.5µM in RT PBS. Cells were incubated for 8 min in the dark, 
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after which the staining was quenched by adding FBS. Cells were then centrifuged and 

washed in R10. 

2.8.5. SLC1A5 cell surface staining using RD114-RBD mFc 

Mouse Fc-fused SLC1A5 cell surface Receptor Binding Domain (RBD) ligand (RD114-

RBD mFc) was obtained from METAFORA biosystems. Staining was performed according 

to the manufacturer’s instructions – for 20 min at 37°C in the presence of sodium azide and 

EDTA. Goat anti-mouse IgG (H+L) Alexa Fluor® 647 (Table 2-1) was used as a 

secondary antibody for flow cytometry analysis. 

 

2.9. Confocal microscopy 

Coverslips were pre-washed in ethanol, dried and placed into a 24-well plate. HeLa cells 

were plated and left to adhere overnight. Cells were then washed in ice-cold PBS and fixed 

with 4% (paraformaldehyde) (PFA) for 15 min at RT. Following another two washes in 

PBS, cells were permeabilised by adding 0.5% Triton-X100 PBS for 1 min (two times). 

Cells were then blocked with 0.1% Triton-X100 PBS supplemented with 5% FBS, 5% 

human serum, 5% goat serum and human BD Fc block (BD Biosciences) used at 1:100 

(blocking buffer) for 45 min to 2h at RT or at 4°C overnight. Primary rabbit anti-HA tag 

antibody (#3724, Cell Signaling Technology) was added in blocking buffer at 1:1000 for 20 

min at RT, followed by three 5 min washes in 0.1% Triton-X100 PBS. Secondary goat anti-

rabbit IgG (H+L) Alexa Fluor® 647 (#A21245, ThermoFisher Scientific) was added in 

blocking buffer at 1:200 for 20 min at RT. Cells were then washed two times in 0.1% 

Triton-X100 PBS and mounted with DAPI Fluoromount G (Southern Biotech). Pictures 

were acquired using a Zeiss LSM-780 inverted confocal microscope. 
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2.10. Measurement of IDO enzymatic activity by HPLC 

Culture supernatants were spun down and proteins were precipitated using trichloroacetic 

acid (TCA). Samples were incubated with chilled 30% w/v TCA at 4°C for 15 min, 

followed by a 30 min centrifugation at 13,000 rpm at 4°C. The clear supernatant was then 

injected onto a Spherisorb S5-ODS1 column, 4.6 x 150mm (Waters, Milford, MA). The 

HPLC system consisted of a Knauer pump, a variable wavelength detector and a BioTek 

565 autosampler. The mobile phase constituted of 40mM sodium citrate buffer [pH 2.25], 

50% methanol and 0.4mM SDS. Kynurenine and tryptophan were detected at 365 nm and 

280nm wavelengths, respectively.  

 

2.11. Measurement of 3H-labelled amino acid uptake 

HeLa cells were washed twice in PBS, followed by a 20 min incubation at 37°C. [3H]L-

tryptophan or [3H]L-glutamine (both from PerkinElmer) were added to the cells at 

50pmol/ml and 200pmol/ml, respectively, for a fixed time at 37°C. Uptake was stopped by 

removing the solution and adding 20mM L-lysine in ice-cold PBS. The cells were lysed 

with 1% NaOH, 0.1% SDS. [3H]L-tryptophan/[3H]L-glutamine uptake was determined by 

liquid scintillation. 

 

2.12. ELISA 

Human IFNγ ELISA was performed according to the manufacturer’s instructions. Briefly, 

enhanced binding ELISA plates (Greiner) were coated with 2 µg/ml anti-human IFNγ 

capture monoclonal antibody (#551221, BD Biosciences) diluted in coating buffer (100mM 

NaHCO3 [pH 7.9]) at 4°C overnight. The plates were washed 3–4 times in PBS-T and 

blocked in PBS 10% FBS for 1.5–2h at RT. 4ng/ml standard and the diluted samples were 
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then added to the plates and incubated for 3–4h at RT, or at 4°C overnight. Next, the plates 

were washed 6 times in PBS-T and coated with 1 µg/ml biotinylated anti-human IFNγ 

detection monoclonal antibody (#554550, BD Biosciences) diluted in PBS 10% FBS. 

Following a 2h incubation at RT and 6 washes in PBS-T, 2.5 µg/ml avidin-peroxidase (#A-

3151, Sigma-Aldrich) was added in PBS 10% FBS for 45 min at RT. The plates were 

washed 6–8 times in PBS-T and 2 times in water, after which the ABTS substrate was 

added. Colour reaction was allowed to develop for 10–80 min and was stopped by addition 

of SDS/SMF. Plate absorbance at OD 405nm was measured on a BMG SPECTROstar plate 

reader. A 4-parameter standard curve was generated and used to determine the 

concentration of IFNγ in each sample (MARS data analysis software, BMG). 

 

2.13. Isolation and stimulation of primary immune cells 

2.13.1. Isolation of peripheral blood mononuclear cells from leukocyte cones 

Peripheral blood mononuclear cells (PBMCs) were isolated from commercially available 

leukocyte cones (NHS Blood and Transplant, Bristol) by density gradient centrifugation. 

30ml diluted blood was layered onto 15ml Lymphoprep (Fresenius Kabi Norge AS) and 

centrifuged at 2000 rpm for 30 min with the centrifuge brake turned off. PBMCs were 

collected from the interface between plasma and Lymphoprep with a Pasteur pipette and 

centrifuged at 1500 rpm for 15 min, followed by a 10min spin at 1500 rpm and another two 

10 min spins at 1200 rpm to remove platelets and debris. Red blood cells were lysed in Red 

Blood Cell Lysis buffer (Qiagen) for 5 min at RT and the cells were washed in R10.  

2.13.2. Isolation and stimulation of human CD4+ and CD8+ T cells  

CD4+ and CD8+ T cells were purified from PBMCs using magnetic cell separation. CD4+ T 

cells were separated by positive selection using human CD4 MicroBeads (#130-045-101, 

Miltenyi Biotec), and CD8+ T cells were separated by negative selection using human 
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CD8+ T Cell Isolation Kit (#130-096-495, Miltenyi Biotec) according to the manufacturer’s 

instructions. Buffer used for magnetic cell separation consisted of 90% PBS, 10% FBS and 

2mM EDTA. Pre-coating with anti-human CD3 and CD28 antibodies (eBioscience) was 

used for T cell stimulation. Plates were coated with 5µg/ml anti-human CD3 and CD28 

antibodies for 1h at 37°C, or at 4°C overnight, after which the antibody-containing solution 

was removed and plates were washed twice with PBS. 

2.13.3. Stimulation of a tumour-specific T cell clone 

NY-ESO-1-specific CD8+ T cell clone (4D8), kindly provided by Ji-Li Chen (MRC Human 

Immunology, WIMM, Oxford), was activated by co-culture with B cells pre-pulsed with 

NY-ESO-1157–165 (9V) peptide analogue for 2h, also provided by Ji-Li Chen. NY-ESO-1157–

165 (9V) peptide analogue has the carboxyl-terminal cysteine substituted for valine (Chen et 

al., 2000). 

2.13.4. Isolation and stimulation of iNKT cells 

PBMCs were stained with TCR Vα24 and TCR Vβ11 antibodies (Table 2-1) as described 

in Chapter 2.8.1. iNKT cells were FACS sorted from PBMCs by gating on the 

Vα24+Vβ11+ population. iNKT cell agonists αGalCer, PI-3 and OCH-9, as well as the 

biotinylated hCD1d–αGalCer monomer (Denkberg et al., 2008) were kindly provided by 

Mariolina Salio (MRC Human Immunology, WIMM, Oxford). Vα24+Vβ11+ cells were 

stimulated by co-culture with B cells pre-pulsed with αGalCer analogues for 2h. 

Alternatively, Vα24+Vβ11+ cells were stimulated with plate-bound hCD1d–αGalCer 

monomer by pre-coating streptavidin plates (ThermoFisher Scientific) with 10µg/ml 

biotinylated hCD1d–αGalCer monomer for 1h at 37°C, or at 4°C overnight, after which the 

monomer-containing solution was removed, streptavidin plates were washed twice with 

PBS and Vα24+Vβ11+ cells were added. 
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2.13.5. Isolation and differentiation of MoDCs 

CD14+ cells were purified from PBMCs by magnetic cell separation with human CD14 

MicroBeads (#130-050-201, Miltenyi Biotec), which was performed according to the 

manufacturer’s instructions. Buffer used for magnetic cell separation consisted of 90% 

PBS, 10% FBS and 2mM EDTA. CD14+ monocytes were differentiated into MoDCs by 

addition of 50ng/ml recombinant human GM-CSF (PeproTech) and 100ng/ml recombinant 

human IL-4 (PeproTech) to the culture medium for 5 days. 

 

2.14. Processing of primary human tumour samples 

Samples obtained from renal cell carcinoma patients (ethical approval 13/A093) and 

melanoma patients (ethical approval 09/H0606/5) were processed in gentleMACS™ 

Dissociator	
  using Tumour disassociation kit (#130-095-929, Miltenyi Biotec) according to 

the manufacturer’s instructions. The resulting cell suspension was applied onto an 

appropriate cell strainer, washed in RPMI-1640 and centrifuged at 1500 rpm for 7 min. Red 

blood cells were lysed in Red Blood Cell Lysis buffer (Qiagen) for 5 min at RT and the 

cells were washed in R10. The samples were then either frozen or stained immediately for 

flow cytometry analysis. 

 

2.15. Chromatin immunoprecipitation (ChIP) 

ATF4 ChIP experiments were performed as previously described (Milne et al., 2009; 

Wilkinson et al., 2013). Briefly, cells were washed twice in ice-cold PBS and fixed in 2mM 

disuccinimidyl glutarate (#80424-50MG-F, Sigma-Aldrich) for 30 min, followed by 30 min 

in 1% formaldehyde. Cells were then lysed in 1% SDS, 10mM EDTA, 50mM Tris [pH 8.1] 

lysis buffer supplemented with protease inhibitors (#P8340, Sigma-Aldrich) for 10 min on 

ice. Samples were fragmented using a Bioruptor sonicator (Diagenode) for 20 min at high 
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in a constantly circulating 4°C water bath to an average size of 200-500bps. Chromatin was 

cleared using Dynabeads (Life Technologies) diluted in ChIP dilution buffer (0.01% SDS, 

1.1% TritonX-100, 1.2mM EDTA, 16.7mM Tris-HCl [pH 8.1], 167mM NaCl) 

supplemented with protease inhibitors. 50µl aliquots were taken from 1ml of the sonicated, 

diluted chromatin before antibody incubation (this serves as total input; the signal from the 

input samples represents 5% of the total chromatin used in each ChIP). The rest of the 

chromatin was incubated with the anti-ATF4 antibody (#11815, Cell Signaling 

Technology) at 4°C overnight. Samples were then incubated with the 1:1 mixture of protein 

A and protein G Dynabeads (Life Technologies) for 3–5h. Antibody:chromatin complexes 

were collected with a magnet, and washed twice with a solution of 50mM HEPES-KOH 

[pH 7.6], 500mM LiCl, 1mM EDTA, 1% NP-40 and 0.7% Na-Deoxycholate. After a wash 

in 10mM Tris-HCl [pH 8.0], 1mM EDTA, samples were eluted in 50mM Tris-HCl [pH 

8.0], 10mM EDTA and 1% SDS, treated with RNase (ThermoFisher Scientific) and 

Proteinase K (ThermoFisher Scientific), and purified using a PCR purification kit (Qiagen). 

ChIP samples were quantified by q-RT-PCR relative to inputs as previously described 

(Milne et al., 2009; Wilkinson et al., 2013). ‘The amount of genomic DNA coprecipitated 

with antibody was calculated as a percentage of total input using the following formula 

ΔCT = CT (input) – CT (chromatin IP), % total = 2ΔCT X 5.0%’ (Milne et al., 2009). 

SLC1A5-specific primers were designed using the previously reported ATF4 binding site 

(Ren et al., 2015). 

 

2.16. In vivo studies 

B6.SJL-Ptprca (CD45.1) mice were bred in house and originally obtained from The 

Jackson Laboratory. EG7 cells (4x106) were injected subcutaneously in the back of male 

B6.SJL-Ptprca mice. All mice were sex-matched and aged between 6 and 8 weeks at the 
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time of the injection. After 5 days, mice were euthanised and tumours were harvested and 

processed using collagenase (type 2, #LS004202, Worthington Biochemical Corporation) 

and DNAse I (#D4513, Sigma-Aldrich). All studies were carried out in accordance with 

Animals (Scientific Procedures) Act 1986, and the University of Oxford Animal Welfare 

and Ethical review Body (AWERB) under project licence 40/3636. 

 

2.17. Analysis of mRNA expression in primary human tumours 

Expression of mRNA measured by RNA sequencing was downloaded from the TCGA data 

portal for LIHC (n = 374), OV (n = 309), GBM (n = 169), LGG (n = 534), UCEC (n = 

177), ACC (n = 79), CESC (n = 306), BRCA (n = 1102), and KIRC (n = 534), and the 

Spearman’s rank correlation coefficient was calculated between the expressions of SLC1A5 

and WARS, TDO2, IDO1, and ATF4 for each tumour type. Additionally, clinical data was 

downloaded for the LGG samples, and Kaplan-Meier curves comparing survival of patients 

with low and high expression of SLC1A5, IDO1, and the combinations thereof were made. 

High and low expression of SLC1A5 or IDO1 was defined as above and below median 

expression, respectively. Median expression is an arbitrary cut-off but in cases where no a-

priory knowledge of a clinically useful cut-off is available it offers balanced groups for 

analysis. Statistical analysis was performed using log-rank test. 

 

2.18. Statistical analysis 

Other than RNA-seq analysis, for which methods are provided above, statistical analysis 

was performed using Prism software (GraphPad, San Diego, CA). Unpaired, two-tailed 

Student’s t-test was used to determine statistical significance. The threshold for rejection of 

the null hypothesis was p<0.05. *p < 0.05; **p < 0.01, ***p < 0.001, ***p < 0.0001. 
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CHAPTER 3: Modulation of the amino acid 
transporter expression profile by tryptophan 
catabolism in tumour cells 

 

3.1. RNA-seq analysis of IDO-expressing tumour cells 

3.1.1. Tumour cells expressing tryptophan-degrading enzymes metabolise tryptophan 

into kynurenine 

To investigate the effect of tryptophan catabolism on tumour cell whole transcriptome 

profile, we developed an in vitro system where IDO expression was induced either by 

transducing HeLa cells with a lentivirus encoding human IDO (IDO+ HeLa) (Silk et al., 

2011) or by treating HeLa cells with IFNγ (IFNγ HeLa). As expected, IDO1-transduced 

and IFNγ-treated wild-type (WT) HeLa cells upregulated IDO1 gene expression (Figure 3-

1A). In addition, HeLa cells were transduced with human TDO2 (TDO+ HeLa), which 

exhibited enhanced TDO2 but not IDO1 transcription (Figure 3-1A).  

We then confirmed that IDO and TDO were biologically active by measuring tryptophan 

and kynurenine levels in the supernatants obtained from IFNγ, IDO+ and TDO+ HeLa cells, 

as compared to untreated WT HeLa cells or HeLa cells transduced with a lentivirus 

encoding GFP alone (GFP HeLa). While conditioned medium from HeLa cells that did not 

express IDO1 or TDO2 (WT and GFP HeLa) (Figure 3-1A) contained about 25µM 

tryptophan, this amino acid was virtually undetectable in the supernatants obtained from 

IFNγ HeLa and TDO+ HeLa cells cultured in conventional culture medium for 72h (Figure 

3-1B). Tryptophan concentration also fell substantially in the conditioned medium obtained 

from IDO+ HeLa cells – from about 25µM to 2µM (Figure 3-1B). On the contrary, 

tryptophan metabolite kynurenine was virtually undetectable in WT and GFP HeLa cell 
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supernatants, while it reached 13-15µM in the conditioned medium derived from IFNγ, 

IDO+ and TDO+ HeLa cells (Figure 3-1B). We thus confirmed that tryptophan-degrading 

enzyme induction in our in vitro system, either though IFNγ treatment or IDO1/TDO2 gene 

overexpression, leads to functional enzymatic activity, as evidenced by the decreased 

tryptophan-to-kynurenine ratio in the supernatants from IFNγ, IDO+ and TDO+ HeLa cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1. Induction of IDO or TDO expression in HeLa cells results in functional 
enzymatic activity 
(A) WT, IFNγ-treated, GFP-transduced, IDO1-transduced and TDO2-transduced HeLa 
cells were cultured for 72h. IDO1 and TDO2 mRNA expression levels were analysed by 
quantitative PCR, and are shown as fold change in expression relative to Hprt. Bars 
represent the mean ± SEM. (B) Supernatants were collected from WT, IFNγ-treated, GFP-
transduced, IDO1-transduced and TDO2-transduced HeLa cells cultured for 72h in 
complete tissue culture medium. Tryptophan and kynurenine concentrations were 
determined by HPLC. Bars represent the mean ± SEM. 
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3.1.2. Tumour cells expressing IDO upregulate the expression of several amino acid 

transporter genes 

Using RNA-seq, we identified the genes modulated in IDO+ HeLa cells under conditions of 

nutritional stress caused by incubation in limited amount of culture medium, and compared 

them with the gene profiling of IFNγ HeLa cells. After 72h of culture, IDO+ HeLa cells 

increased transcription of several genes that were also upregulated in IFNγ HeLa cells 

(Figure 3-2). Such shared genetic signature between IDO+ HeLa and IFNγ HeLa cells was 

more evident at 72h rather than at 48h (Figure 3-3), which could be accounted for by 

differences in the kinetic required by IDO+ HeLa cells to degrade tryptophan contained in 

the culture medium. At 72h, this shared transcriptional signature included the expression of 

genes involved in several biological functions, such as regulation of cellular redox 

signaling and apoptosis (e.g. TXNIP (Spindel et al., 2012), FAS (Nagata and Golstein, 

1995), HERPUD1 (Kokame et al., 2000) and DDIT3/CHOP/GADD153 (Han et al., 2013; 

Zinszner et al., 1998)), hemopoiesis (e.g. JAG1 (Poulos et al., 2013) and EPAS1 

(Scortegagna et al., 2003)), inflammatory response (e.g. pro-inflammatory cytokine-, 

chemokine- and transcription factor-encoding genes TNF, CXCL2 and CXCL3, and 

CCAAT/enhancer binding protein β  (C/EBPβ)), amino acid biosynthesis (e.g. asparagine 

synthetase-encoding ASNS, cystathionine gamma-lyase-encoding CTH, phosphoserine 

aminotransferase 1-encoding PSAT1 and phosphoserine phosphatase-encoding PSPH, 

which are involved in the production of asparagine, cysteine and serine, respectively), 

metabolism (e.g. glutamine fructose-6-phosphate transaminase 1-encoding GFPT1 and 

glutamine fructose-6-phosphate transaminase 2-encoding GFPT2, which regulate the flux 

of glucose into the hexosamine pathway, and glutamic pyruvate transaminase 2-encoding 

GPT2 involved in the production of pyruvate and glutamate), as well as tRNA amino 

acylation and amino acid transport (Figures 3-2, 3-3). The most abundantly upregulated 
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gene involved in tRNA amino acylation was WARS (tryptophanyl-tRNA synthetase) 

followed by GARS (glycyl-tRNA synthetase) and CARS (cysteinyl-tRNA synthetase), while 

the most abundantly upregulated genes associated with amino acid transport were SLC7A11 

(cystine/glutamate exchanger), SLC1A4 (glutamate/neutral amino acid transporter), 

SLC1A5 (glutamine/neutral amino acid transporter) and, to a lesser extent, SLC6A9 (glycine 

neurotransmitter transporter) (Figures 3-2B, 3-3). Of note, consistent with the hypothesis 

that changes in the gene profiling of SLC and amino acid metabolism genes are dependent 

on conditions of sufficient nutritional stress, overexpression of these genes in IDO+ HeLa 

cells was only induced after 72h but not after 48h incubation (Figure 3-3). Other major 

amino acid transporters, including CD98hc (SLC3A2), LAT1 (SLC7A5) and SNAT2 

(SLC38A2) showed a less pronounced differential expression in HeLa cells expressing IDO 

(Figure 3-3). Notably, out of the top four upregulated SLC genes, SLC1A5 was the only 

amino acid transporter associated with EAA transport (Nicklin et al., 2009) and tryptophan 

transport network, as determined using the MetaCore pathway analysis software (Figure 3-

4). 
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Figure 3-2. Remodeling of transcriptomic profiling in IDO-expressing tumour cells 
(A) The top 2000 upregulated genes in IDO1-transduced vs GFP-transduced HeLa cells 
cultured for 72h and in IFNγ-treated vs untreated WT HeLa cells cultured for 72h, as 
determined by RNA-seq, were used to identify enriched biological functions in IDO+ 
tumour cells. (B) Clustered RNA-seq expression data showing the fold change in the 
expression of genes upregulated in both IDO1-transduced vs GFP-transduced HeLa cells 
cultured for 72h (left circles) and IFNγ-treated vs untreated WT HeLa cells cultured for 72h 
(right circles), as indicated in the legend box on the right. 
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Figure 3-3. IDO-expressing tumour cells demonstrate 
extensive remodeling of amino acid transport and 
metabolism genes 
RNA-seq profiles of SLC (top) and amino acid metabolism 
(bottom) genes in IDO1-transduced vs GFP-transduced and 
IFNγ-treated vs untreated WT HeLa cells cultured for 48h or 
72h. Amino acid transporter genes are denoted by blue bars; 
genes involved in tryptophan, glutamine and serine 
metabolism are denoted by orange, green, and maroon bars, 
respectively. The hierarchical clustering of genes was 
performed using GENE-E package, with distance determined 
by the Pearson correlation coefficient. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-4. Tryptophan network MetaCore analysis 
MetaCore pathway analysis showing the members of the tryptophan metabolism and transport network. Symbols are explained in the MetaCore 
legend found at https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf 
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3.1.2.1. Tumour cells expressing tryptophan-catabolising enzymes exhibit enhanced 

expression of novel SLC1A5 isoforms 

Further analysis demonstrated that, in addition to the full-length SLC1A5 transcript, 

hereafter referred to as SLC1A5 long (SLC1A5(L)), there are truncated splice variants of 

SLC1A5 – SLC1A5 middle (SLC1A5(M)) and SLC1A5 short (SLC1A5(S)). Both 

SLC1A5(L) and SLC1A5(S) are encoded by eight exons, but in SLC1A5(S), the original 

exon one (1a) is replaced by a short unique sequence (1b). Sequence 1b, however, does not 

constitute part of the coding region, as SLC1A5(S) mRNA translation starts at the ATG 

codon in exon four (Figure 3-5A). SLC1A5(M), on the other hand, is encoded by seven 

exons, contains a unique exon one sequence (1c), from which its translation is initiated 

(Figure 3-5A). The predicted membrane topology of SLC1A5 isoforms is shown in Figure 

3-5B. According to this model, the full-length SLC1A5 protein is composed of eight 

transmembrane (TM) domains (TM1-TM8) and two hairpins of different lengths (H1 and 

H2) (Figure 3-5B). SLC1A5(S) and SLC1A5(M) isoforms lose approximately 230 and 200 

amino acids of the original N-terminus sequence, respectively, which form TM1-TM3 

(Figure 3-5B). Of note, the transport activity of the SLC1 family amino acid transporters is 

thought to take place in the mobile hairpin-containing domain at the C-terminus (Kanai et 

al., 2013; Pingitore et al., 2013; Reyes et al., 2009) which remains intact in the truncated 

SLC1A5(S) and SLC1A5(M) isoforms (Figure 3-5B). 

Next, we utilised the unique sequences in the non-coding regions of the SLC1A5(S) and 

SLC1A5(M) transcripts (1b and 1c, respectively, Figure 3-5A) to design a quantitative PCR 

(q-RT-PCR) assay for specific amplification of SLC1A5(L), SLC1A5(S), and SLC1A5(M) 

mRNA. This assay allowed us to demonstrate that IFNγ-treated WT, IDO1-transduced 

HeLa, as well as HeLa cells overexpressing the tryptophan-degrading enzyme TDO exhibit 

increased expression of all three SLC1A5 variants (Figure 3-6A). In agreement with the 
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RNA-seq data, the expression of transcripts associated with SLC7A11 and SLC1A4 was 

also upregulated in IFNγ, IDO+ and TDO+ HeLa cells (Figure 3-6A). We then assessed 

SLC1A5 protein expression in tumour cells exhibiting IDO or TDO activity using an 

antibody specific for the N-terminus of the full-length SLC1A5, which is expected to detect 

SLC1A5(L) but not the other isoforms (see predicted SLC1A5 membrane topology in 

Figure 3-5B). SLC1A5 expression levels increased substantially in tumour cells treated 

with IFNγ and those transduced with IDO1 or TDO2 (Figure 3-6B).  
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Figure 3-5. Genomic organisation and predicted membrane topology of SLC1A5 
isoforms 
(A) Genomic organisation of SLC1A5 isoforms. Introns are represented as lines, exons as 
boxes; coding region is shown in a darker colour. (B) Gene to protein sequence alignments 
and predicted membrane topology of SLC1A5 isoforms, based on a putative 3D-structure 
generated in Swiss-Model server (Biasini et al., 2014), with the structure of the 
thermophilic archaeal (Pyrococcus horikoshii and Thermococcus kodakarensis) glutamate 
transporter GltPh (Jensen et al., 2013; Verdon et al., 2014; Yernool et al., 2004), 
homologous to SLC1A5, as a template (PDB: 4OYF and 4KY0). Each 
transmembrane/hairpin domain is shown in a different colour. Missing regions are shown in 
a faded colour. The putative N-linked glycosylation sites, N163 and N212 (shown in 
purple), are located between TM3 and TM4 (Console et al., 2015; Wollscheid et al., 2009). 
TM, transmembrane domain; H, hairpin. 
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Figure 3-6. SLC1A5, SLC7A11 and SLC1A4 expression is increased in IDO- and 
TDO-expressing tumour cells 
WT, IFNγ-treated, GFP-transduced, IDO1-transduced and TDO2-transduced HeLa cells 
were cultured for 72h. SLC1A5(L), SLC1A5(S), SLC1A5(M), SLC7A11 and SLC1A4 mRNA 
expression levels were analysed by quantitative PCR, and are shown as fold change in 
expression relative to Actb. Bars represent the mean ± SEM (A). Western blotting was 
performed with indicated antibodies and protein levels were quantified by densitometry 
(B).  
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3.2. Biochemical properties and localisation of SLC1A5 isoforms 

3.2.1. Cloning of SLC1A5 isoforms and generation of tumour cell lines with stable 

SLC1A5 isoform overexpression 

To study the biological function of SLC1A5 transporter, we overexpressed SLC1A5(L) and 

its most truncated isoform, SLC1A5(S), in HeLa cells. The pHR-SLC1A5(L)-IRES-GFP 

and pHR-SLC1A5(S)-IRES-GFP constructs, in which SLC1A5(L) or SLC1A5(S) 

expression is driven by SFFV promoter and GFP is used as a reporter gene, were generated 

as described in Materials and Methods (Chapter 2.4.1.1). WT HeLa cells transduced with a 

lentiviral vector encoding SLC1A5(L) with GFP, SLC1A5(S) with GFP or GFP alone, as a 

control, acquired GFP fluorescence, as determined by flow cytometry (Figure 3-7A). 

SLC1A5(L) protein overexpression was also confirmed by Western blotting with the 

antibody specific to the N-terminus of the full-length SLC1A5 (Figure 3-7B). SLC1A5(S) 

could not be visualised by Western blotting due to the unavailability of good quality 

antibodies specific for the C-terminus of SLC1A5 (see predicted membrane topology of 

SLC1A5 in Figure 3-5B). Of note, the N-terminus specific antibody, which is not expected 

to detect SLC1A5(S), demonstrated some increase in SLC1A5(L) expression in HeLa cells 

transduced with SLC1A5(S) (Figure 3-7B). HeLa cell lines generated using pHR-

SLC1A5(L)-IRES-GFP and pHR-SLC1A5(S)-IRES-GFP constructs were used to assess 

the effect of SLC1A5 isoform overexpression on the amino acid uptake in tumour cells 

(Chapter 3.3). 

To address the issue of SLC1A5(S)-specific antibody unavailability, SLC1A5(L) and 

SLC1A5(S) isoforms were tagged with easily identifiable affinity tags, HA and/or FLAG, 

to allow detection by Western blotting, as well as immuneprecipitation experiments. To this 

end, we generated pHR-SLC1A5(L)-HA-IRES-GFP, pHR-SLC1A5(L)-FLAG-IRES-GFP	
  

and	
  pHR-SLC1A5(S)-HA-IRES-mCherry constructs (see Materials and Methods, Chapters 
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2.4.1.2 and 2.4.1.3) and transduced HeLa cells with a lentivirus encoding SLC1A5(L) 

tagged at the C-terminus with either HA or FLAG epitope and GFP as a reporter gene 

(using the SLC1A5(L)-HA-IRES-GFP and pHR-SLC1A5(L)-FLAG-IRES-GFP constructs, 

respectively) or with a lentivirus encoding C-terminally HA-tagged SLC1A5(S) with 

mCherry as a reporter gene (using the pHR-SLC1A5(S)-HA-IRES-mCherry construct). In 

addition, double transfectant HeLa cells were produced, which overexpressed both FLAG-

tagged SLC1A5(L) with GFP and HA-tagged SLC1A5(S) with mCherry. 

 

 

 

 

 

 

 

 
Figure 3-7. Confirmation of GFP fluorescence and protein overexpression in 
SLC1A5(L)- and SLC1A5(S)-transduced tumour cells  
(A) GFP fluorescence in untransduced WT HeLa cells, and WT HeLa cells transduced with 
a lentiviral vector encoding SLC1A5(L) with GFP, SLC1A5(S) with GFP or GFP alone. 
Samples were analysed by flow cytometry. (B) Total cell lysates obtained from WT, 
SLC1A5(L)-transduced and SLC1A5(S)-transduced HeLa cells were analysed by Western 
blotting with indicated antibodies.  
 
 

FLAG expression in FLAG-tagged SLC1A5(L) GFP HeLa and FLAG-tagged SLC1A5(L) 

GFP HA-tagged SLC1A5(S) mCherry HeLa cells was confirmed by anti-FLAG Western 

blotting with the appearance of a band of about 60kDa (Figure 3-8A). These results are 

consistent with the expected molecular weight for SLC1A5(L) of 57kDa. HA expression in 

the transduced cells was confirmed by both Western blotting (the expected molecular 
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weight for SLC1A5(S) is around 30kDa) (Figure 3-8B) and flow cytometry (Figure 3-8C). 

While HA expression in HA-tagged SLC1A5(L) GFP HeLa and HA-tagged SLC1A5(S) 

mCherry HeLa cells was undetectable at the cell surface, the transduced cells showed clear 

positive anti-HA staining after cell permeabilisation (Figure 3-8C), which is consistent 

with the intracellular localisation of the SLC1A5 C-terminus predicted by the SLC1A5 

membrane topology model (Figure 3-5B).  

 

3.2.2. SLC1A5(L) and SLC1A5(S) isoforms exhibit differential sensitivity to 

enzymatic deglycosylation 

SLC1A5 full-length protein has two putative N-linked glycosylation sites corresponding to 

residues N163 and N212 located between TM3 and TM4 (Console et al., 2015; Wollscheid 

et al., 2009). Interestingly, the SLC1A5(S) isoform lacks these sites (Figure 3-5B). To 

determine the sensitivity of SLC1A5(L) and SLC1A5(S) isoforms to enzymatic 

deglycosylation, we treated the lysates from HA-tagged SLC1A5(L) GFP HeLa and HA-

tagged SLC1A5(S) mCherry HeLa cells with EndoH and PNGase F enzymes and probed 

them with anti-HA antibody. Of note, while EndoH specifically cleaves high mannose and 

some hybrid types of N-linked carbohydrates, PNGase F removes all types of N-linked 

glycosylation. While both SLC1A5(L) and SLC1A5(S) were resistant to EndoH-mediated 

deglycosylation, the two isoforms exhibited differential sensitivity to PNGase F treatment 

(Figure 3-9). Specifically, SLC1A5(L) was PNGase F-sensitive, as demonstrated by the 

reduction in the molecular weight of HA-tagged SLC1A5(L) protein after PNGase F 

treatment (Figure 3-9). The molecular weight of HA-tagged SLC1A5(S) protein, on the 

other hand, remained unchanged following PNGase F treatment (Figure 3-9). These results 

are consistent with the loss of N-linked glycosylation sites N163 and N212 in the truncated 

SLC1A5(S) isoform. 
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Figure 3-8. Confirmation of FLAG and HA expression in tumour cell lines expressing 
affinity-tagged SLC1A5(L) and/or SLC1A5(S) 
(A-B) Total cell lysates obtained from untransduced WT HeLa cells, and WT HeLa cells 
transduced with a lentiviral vector encoding FLAG-tagged SLC1A5(L) with GFP ((L) 
FLAG), HA-tagged SLC1A5(L) with GFP ((L) HA), HA-tagged SLC1A5(S) with mCherry 
((S) HA) or both FLAG-tagged SLC1A5(L) with GFP and HA-tagged SLC1A5(S) with 
mCherry ((L) FLAG (S) HA) were analysed by Western blotting with indicated antibodies. 
(C) Surface (left) and intracellular (right) anti-HA staining was performed on untransduced 
WT HeLa cells and WT HeLa cells transduced with a lentiviral vector encoding HA-tagged 
SLC1A5(L) with GFP or HA-tagged SLC1A5(S) with mCherry. Goat anti-rabbit IgG 
(H+L) Alexa Fluor® 647 was used as a secondary antibody. Samples were analysed by 
flow cytometry. 
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Figure 3-9. Determination of SLC1A5(L) and SLC1A5(S) protein sensitivity to 
EndoH- and PNGase F-mediated deglycosylation 
Total cell lysates obtained from untransduced WT HeLa cells, and WT HeLa cells 
transduced with a lentiviral vector encoding HA-tagged SLC1A5(L) with GFP ((L) HA) or 
HA-tagged SLC1A5(S) with mCherry ((S) HA) were treated with EndoH reaction mix with 
(+) or without (-) EndoH enzyme, or PNGase F reaction mix with(+)/without(-) PNGase F 
enzyme, separated by SDS-PAGE and analysed by Western blotting with anti-HA 
antibody. 
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3.2.3. Evidence for SLC1A5(L) and SLC1A5(S) isoform physical interaction 

To investigate the possibility of a physical interaction between the two isoforms, we used 

anti-FLAG antibody to immunoprecipitate the FLAG-tagged SLC1A5(L) and the 

associated proteins in lysates obtained from the double transfected FLAG-tagged 

SLC1A5(L) GFP HA-tagged SLC1A5(S) mCherry HeLa and, as a control, FLAG-tagged 

SLC1A5(L) GFP HeLa cells. We then analysed the anti-FLAG immunoprecipitate by 

Western blotting. As expected, the full-length SLC1A5 was present in the anti-FLAG 

immunoprecipitate obtained from FLAG-tagged SLC1A5(L) GFP HA-tagged SLC1A5(S) 

mCherry HeLa and FLAG-tagged SLC1A5(L) GFP HeLa but not WT HeLa cells (Figure 

3-10). Notably, blotting for HA revealed the presence of the HA-tagged SLC1A5(S) 

isoform (molecular weight of about 30kDa) in the anti-FLAG immunoprecipitate of double 

transfected HeLa cells. Immunoprecipitates from HeLa cells without HA-tagged 

SLC1A5(S), however, did not show any HA staining (Figure 3-10). These results suggest 

that SLC1A5(S) physically associates with SLC1A5(L). 

 

3.2.4. Subcellular localisation of SLC1A5(L) and SLC1A5(S) isoforms 

We then took advantage of our affinity-tagged SLC1A5(L)- and SLC1A5(S)-

overexpressing tumour cell lines to investigate the subcellular localisation of SLC1A5 

isoforms using confocal microscopy. We optimised the anti-HA staining for this purpose, 

as described in Materials and Methods (Chapter 2.9). Staining of HA-tagged SLC1A5(L) 

GFP HeLa cells with anti-HA antibody revealed that SLC1A5(L) is found both at the cell 

surface and in intracellular compartments (Figure 3-11). SLC1A5(S) on the other hand, 

showed increased staining in the cytosol and some at the cell surface, as determined by the 

anti-HA staining of HA-tagged SLC1A5(S) mCherry HeLa cells (Figure 3-11). 
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Figure 3-10. Anti-FLAG immunoprecipitation reveals physical association between 
SLC1A5(L) and SLC1A5(S) in tumour cell lines expressing affinity-tagged SLC1A5 
isoforms 
Anti-FLAG immunoprecipitation was performed on untransduced WT HeLa cells, and WT 
HeLa cells transduced with a lentiviral vector encoding FLAG-tagged SLC1A5(L) with 
GFP ((L)  FLAG) or both FLAG-tagged SLC1A5(L) with GFP and HA-tagged SLC1A5(S) 
with mCherry ((L) FLAG (S) HA). The anti-FLAG immunoprecipitate was analysed by 
Western blotting with indicated antibodies. 
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Figure 3-11. Subcellular localisation of the HA-tagged SLC1A5(L) and SLC1A5(S) 
isoforms in HeLa cells 
WT HeLa cells transduced with a lentiviral vector encoding HA-tagged SLC1A5(L) with 
GFP (SLC1A5(L) HA GFP) or HA-tagged SLC1A5(S) with mCherry (SLC1A5(S) HA 
mCherry) were fixed, permeabilised, stained with rabbit anti-HA as a primary antibody and 
goat anti-rabbit IgG (H+L) Alexa Fluor® 647 as a secondary antibody, and DAPI. DAPI 
(shown in blue), GFP (shown in green), mCherry (shown in pink) and APC (shown in red) 
fluorescence was analysed using confocal imaging. 
 
 
 
3.3. Functional implications of SLC1A5 isoform upregulation  

3.3.1. SLC1A5-overexpressing tumour cells exhibit enhanced glutamine uptake 

capacity 

We next set out to validate that tumour cells overexpressing SLC1A5 are able to upregulate 

their amino acid uptake. Since SLC1A5 has been reported to have high affinity for 

glutamine (Kekuda et al., 1996; Pingitore et al., 2013; Utsunomiya-Tate et al., 1996), we 

first examined the capacity of transduced cells to transport radiolabeled glutamine 

([3H]Gln). As expected, we observed higher levels of radiolabeled glutamine uptake in 

SLC1A5(L)-transduced tumour cells than in those expressing endogenous levels of this 

amino acid transporter (Figure 3-12A). Notably, glutamine uptake capacity was also 

increased in tumour cells overexpressing SLC1A5(S) (Figure 3-12A). Consistent with the 

reported Na+-dependency of SLC1A5 (Kekuda et al., 1996; Utsunomiya-Tate et al., 1996), 

SLC1A5(L) HA GFP SLC1A5(S) HA mCherry

DAPI

GFP

mCherry

HA



	
  
113 

SLC1A5(L)- and SLC1A5(S)-transduced tumour cells failed to upregulate glutamine uptake 

under Na+-free conditions (data not shown). Furthermore, treatment of both transduced and 

control tumour cells with a characterised pharmacological inhibitor of SLC1A5 O-Benzyl-

L-serine (BenSer) (Grewer and Grabsch, 2004; Wang et al., 2014) reduced glutamine 

uptake in a dose-dependent manner (Figure 3-12A). Interestingly, IFNγ HeLa cells also 

exhibited increased glutamine uptake capacity (Figure 3-12B), consistent with the 

upregulated levels of SLC1A5 observed in these cells (Figures 3-2, 3-3, 3-6). 

 

3.3.2. SLC1A5-overexpressing tumour cells exhibit enhanced tryptophan uptake 

capacity 

Since we found SLC1A5 expression to be upregulated in the context of tryptophan 

degradation (Figures 3-2, 3-3, 3-6), we next assessed the action of SLC1A5 on 

radiolabeled tryptophan ([3H]Trp) uptake. Overexpression of SLC1A5(L), and particularly 

of SLC1A5(S) in HeLa cells, significantly improved their tryptophan uptake capacity 

(Figure 3-13). Notably, tryptophan transport was also enhanced in IDO+ HeLa cells 

(Figure 3-13A). Conversely, pharmacological blockade of SLC1A5 with BenSer led to a 

dose-dependent reduction in radiolabeled tryptophan uptake in all cell types (Figure 3-

13B). In line with these results, BenSer treatment also reduced mTOR pathway activation 

in HeLa cells, as determined by the decreased phosphorylation of the S6 ribosomal protein 

(Figure 3-14).  
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Figure 3-12. SLC1A5(L)- and SLC1A5(S)-transduced HeLa cells demonstrate 
improved glutamine  transport 
(A-B) [3H]-glutamine uptake was performed in WT, IFNγ-treated WT, GFP-transduced, 
SLC1A5(L)-transduced and SLC1A5(S)-transduced HeLa cells over 10 min, in the presence 
or absence of indicated concentrations of SLC1A5 inhibitor BenSer. Bars represent the 
mean ± SEM.  
 
 
 

 
 

 
 

 
 
 
 
 
Figure 3-13. SLC1A5(L)- and SLC1A5(S)-transduced HeLa cells demonstrate 
improved tryptophan  transport 
[3H]-tryptophan uptake was performed in WT, GFP-transduced, IDO1-transduced, 
SLC1A5(L)-transduced and SLC1A5(S)-transduced HeLa cells over 3 min, in the presence 
or absence of excess unlabeled tryptophan (A) or indicated concentrations of SLC1A5 
inhibitor BenSer (B). Bars represent the mean ± SEM.  
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Figure 3-14. Treatment of tumour cells with SLC1A5 inhibitor BenSer reduces 
mTOR activation 
WT HeLa cells were incubated in the presence of indicated concentrations of BenSer for 
24h. Western blotting was performed with indicated antibodies.  
 
 
 
3.3.2.1. Tryptophan uptake in HeLa cells depends on LAT1 

Although not reported to transport tryptophan directly (Kekuda et al., 1996; Pingitore et al., 

2013), SLC1A5 has been proposed to facilitate the activity of the dominant neutral amino 

acid transporter LAT1 (SLC7A5) (Kanai et al., 1998) via bidirectional transport, namely 

through provision of intracellular glutamine which can be used by LAT1 as an exchange 

substrate for EAA import (Nicklin et al., 2009). To determine the role of LAT1 in 

tryptophan uptake in tumour cells, we generated two LAT1-/- monoclonal HeLa cell lines 

using CRISPR-Cas9 technology. WT HeLa cells transduced with the pX330-EGFP-T2A-

Neo plasmid targeting LAT1 acquired GFP fluorescence 24–48h after transduction (Figure 

3-15A) and were single-cell sorted. The monoclones were then grown and screened for 

LAT1 knockout by Western blotting. As a result of screening, two monoclonal cell lines 

demonstrated ablated LAT1 expression (Figure 3-15B), which we assessed for tryptophan 

uptake capacity. Notably, over 3 min, cell lines lacking LAT1 transported about 4 times 

less radiolabeled tryptophan than WT HeLa cells or CRISPR control HeLa cells (Figure 3-

15C). The difference in the tryptophan uptake capacity of LAT1-deficient and -sufficient 

HeLa cells became even greater when the assay time was extended from 3 to 10 min, as 

LAT-/- cell lines failed to further increase their tryptophan uptake, while WT and CRISPR 

control HeLa cells transported about 2 times more tryptophan over 10 min, as compared to 
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3 min (Figure 3-15C). These findings clearly demonstrate that tryptophan uptake in HeLa 

cells is heavily dependent on LAT1 activity. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3-15. LAT1 knockout leads to impaired tryptophan uptake in tumour cells 
(A) GFP fluorescence levels in WT HeLa cells 24h after transfection with pX330-EGFP-
T2A-Neo targeting LAT1. (B) Generation of two monoclonal LAT1 knockout (KO) HeLa 
cell lines using CRISPR/Cas9 targeting LAT1. LAT1 CRISPR control cell line received 
Cas9 and LAT1-specific guide RNA but retained WT sequence. Western blotting was 
performed with indicated antibodies. (C) [3H]-tryptophan uptake was measured in WT, 
LAT1 CRISPR control and LAT1 KO HeLa cells over 3 or 10 min. Bars represent the 
mean ± SEM.  
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3.3.3. SLC1A5 knockdown tumour cells demonstrate reduced cell proliferation under 

tryptophan-deficient conditions 

To determine whether SLC1A5 confers tumour cells with a functional advantage under 

limited tryptophan conditions, we knocked down this amino acid transporter in HeLa cells 

using CRISPR-Cas9 lentivirus vector. WT HeLa cells successfully transduced with a 

lentiviral CRISPR construct containing Cas9, SLC1A5-targeting chimeric guide RNA and 

puromycin resistance gene were selected with 1µg/ml puromycin. Optimal puromycin 

concentration was determined based on puromycin killing curve (Figure 3-16A). SLC1A5 

knockdown HeLa cells demonstrated almost 50% reduction in SLC1A5 protein expression 

(Figure 3-16B), which resulted in a significant impairment of cell proliferation under 

amino acid-sufficient conditions, as determined by the Ki67 proliferation marker 

intranuclear staining (Figure 3-16C). Importantly, this effect was amplified even further 

following tryptophan withdrawal (Figure 3-16C), highlighting the role of SLC1A5 in 

tumour cell proliferation under low tryptophan conditions. 
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Figure 3-16. SLC1A5 knockdown tumour cells exhibit decreased proliferation in the 
absence of tryptophan 
(A) WT HeLa cells were treated with indicated concentrations of puromycin for 48h. 
Propidium iodide staining was assessed by flow cytometry. (B) CRISPR/Cas9 targeting 
SLC1A5 was used to generate SLC1A5 knockdown (KD) HeLa cells. Western blotting was 
performed with indicated antibodies and protein levels were quantified by densitometry. 
(C) WT and SLC1A5 KD HeLa cells were incubated in tissue culture medium depleted of 
tryptophan for 48h. Ki67 expression was assessed by flow cytometry. Bars represent the 
mean ± SEM. MFI, mean fluorescence intensity.  
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3.4. Discussion 

To study the mechanisms that allow IDO- and TDO-expressing tumour cells to withstand 

the effects of tryptophan starvation, we first established an in vitro system in which 

tryptophan-catabolising enzymes, induced either through stable gene overexpression or 

treatment with IFNγ, a known inducer of IDO, efficiently metabolised tryptophan into 

kynurenine in tissue culture medium. Using this system, we were able to assess the effect of 

tryptophan catabolism on tumour cell whole transcriptome profile using RNA-seq. The 

results of these experiments clearly demonstrated that IDO activity induces extensive 

remodeling of tumour cells’ metabolism, amino acid biosynthesis and transport gene 

expression. In addition to changes in tryptophan starvation-associated genes, such as 

WARS, IDO+ tumour cells exhibited vast alternations in glutamine/glutamate and 

monosaccharide metabolism genes, among others. Importantly, we observed a clear effect 

of IDO activity on SLC family member expression profile, with altered expression of 

several amino acid transporter-encoding genes, particularly SLC7A11, SLC1A4 and 

SLC1A5, including two novel SLC1A5 splice variants, which, to the best of our knowledge, 

have not been previously described. To further investigate the biological properties of the 

full-length SLC1A5 and its most truncated isoform, we overexpressed affinity-tagged 

SLC1A5(L) and SLC1A5(S) in tumour cells. This allowed us to demonstrate that the two 

SLC1A5 isoforms are resistant to EndoH enzymatic activity, which is indicative of their 

ability to migrate to the Golgi, where more complex glycan modifications occur. We also 

showed that SLC1A5(S), but not SLC1A5(L), remained resistant to PNGase F-mediated 

deglycosylation, which is consistent with the loss of the putative N-linked glycosylation 

sites in this truncated isoform. Although N-linked glycosylation of SLC1A5 is dispensable 

for its transport function (Scalise et al., 2014), it has been previously shown to facilitate 

trafficking to the cell membrane (Console et al., 2015). Consistent with these findings, we 
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observed reduced SLC1A5(S) localisation at the cell surface using confocal microscopy. 

However, it still remains unclear whether SLC1A5(S) localisation is modulated under 

conditions of amino acid starvation, and further experiments are needed to address this 

question. Furthermore, by performing pull-down assays on double transfected tumour cells 

co-expressing SLC1A5 isoforms tagged with different affinity tags, we were able to 

demonstrate that SLC1A5(S) physically interacts with the main isoform, possibly forming a 

hetero-oligomer. It is yet to be determined whether such complex formation has biological 

consequences, e.g. affecting SLC1A5 protein stability, and further studies in this area are 

warranted. Notably, SLC1A5(L) has been reported to form an oligomeric structure 

composed of two or three subunits similar to its homologue archaeal glutamate transporter 

GltPh (Yernool et al., 2004). Hetero-oligomerisation has also been previously described for 

the EAAT3 (SLC1A1) and EAAT4 (SLC1A6) glutamate transporters of the SLC1 family, 

which can form hetero-trimers (Nothmann et al., 2011). However, this is the first report of 

the physical interaction between the SLC1A5 isoforms. Interestingly, SLC1A5 full-length 

protein has also been shown to associate with other transporters, including CD98hc 

(SLC3A2), LAT1 (SLC7A5) and MCT1 (SLC16A1) (Xu and Hemler, 2005), and it would 

be interesting to investigate whether the alternative SLC1A5 isoforms form part of such 

complexes.  

Moreover, we have shown that upregulation of SLC1A5(L) and SLC1A5(S), in addition to 

enhancing the uptake of glutamine, improves tryptophan transport into tumour cells. In 

contrast to the described SLC1A1 isoforms of the SLC1 family, which have been reported 

to impede glutamate uptake from the main transporter (Porton et al., 2013), our results 

suggest that the alternative SLC1A5(S) isoform mimics the function of the full-length 

transporter. We also demonstrate that, similarly to glutamine and leucine (Wang et al., 

2014), tryptophan transport in tumour cells is sensitive to SLC1A5 pharmacological 
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inhibitor BenSer. Since neither leucine nor tryptophan are high-affinity substrates for 

SLC1A5 (Kekuda et al., 1996; Pingitore et al., 2013; Utsunomiya-Tate et al., 1996), 

impaired uptake of these amino acids in the presence of BenSer, which is also reflected in 

reduced mTOR activation, is likely to be due to blockade of SLC1A5-dependent glutamine 

influx required for LAT1-mediated EAA import (Nicklin et al., 2009). Our results 

demonstrating that tryptophan uptake in HeLa cells is heavily dependent on LAT1 activity, 

as evidenced by the abolished radiolabeled tryptophan transport into tumour cells lacking 

LAT1, are consistent with this hypothesis. Of note, both SLC1A5 and LAT1 are commonly 

co-upregulated in human cancers (Fuchs and Bode, 2005), and the functional coupling of 

these amino acid transporters is also supported by the evidence of their physical interaction 

(Xu and Hemler, 2005). Thus, using the described bidirectional transport mechanism 

(Nicklin et al., 2009), IDO- and TDO-expressing tumours may be able to enhance LAT1-

dependent tryptophan uptake by improving the intracellular availability of glutamine (the 

LAT1 exchange substrate) through upregulation of SLC1A5 isoforms.  

Previous results have implicated SLC1A5 in promoting tumour cell growth and survival. 

The anti-proliferative effect of targeting SLC1A5 has been demonstrated in various tumour 

types, including hepatoma (Fuchs et al., 2007), lung cancer (Hassanein et al., 2013; 

Hassanein et al., 2015), acute myeloid leukemia (Willems et al., 2013), melanoma (Wang et 

al., 2014), neuroblastoma (Ren et al., 2015), colorectal cancer (Huang et al., 2014), prostate 

cancer (Wang et al., 2015a), breast cancer (van Geldermalsen et al., 2016) and multiple 

myeloma (Bolzoni et al., 2016). We have extended these findings by demonstrating a role 

for SLC1A5 in tumour cell proliferation not only under amino acid-sufficient but also 

tryptophan starvation conditions. These results are of importance, as they suggest that 

SLC1A5-mediated amino acid uptake acts as a compensatory mechanism to facilitate 

proliferation of IDO- and TDO-expressing cancer cells under low tryptophan conditions. 
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Collectively, our findings demonstrate for the first time the association between tryptophan 

catabolism and modulation of the amino acid transporter profiling in tumour cells, and 

show that increased expression levels of SLC1A5 isoforms lead to improved transport of 

glutamine and tryptophan into tumour cells. 
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CHAPTER 4: Regulation of SLC1A5 expression in 
tumour cells 

 
4.1. The effect of amino acid starvation and kynurenine accumulation on 

SLC1A5 expression in tumour cells 

4.1.1. Tryptophan deprivation induces SLC1A5 expression in tumour cells 

We next set out to determine the mechanisms regulating the upregulation of SLC1A5 in 

tumour cells expressing tryptophan-catabolising enzymes. Since IDO and TDO enzymatic 

activity converts tryptophan into kynurenine (Figure 3-1B), we speculated that the 

enhanced expression of SLC1A5 in IDO+ and TDO+ tumour cells could be accounted for 

by the reduced concentration of tryptophan in the culture medium. To investigate this 

possibility, we incubated WT HeLa cells, exhibiting no IDO or TDO activity (Figure 3-

1B), in the culture medium depleted of tryptophan. The latter was formulated using 

dialysed FBS, containing approximately 3.5 times less tryptophan than conventional FBS, 

as determined by HPLC (Figure 4-1). As a control, we also showed that tryptophan was 

virtually undetectable in the unsupplemented tryptophan-depleted medium, and present in 

minute amounts (at the concentration of about 0.5µM) in complete tryptophan-depleted 

medium supplemented with 10% dialysed FBS, compared to almost 20µM in conventional 

culture medium supplemented with 10% normal FBS (Figure 4-1). WT HeLa cells 

deprived of tryptophan for 72h strongly upregulated both SLC1A5(L) and SLC1A5(S) 

transcription (Figure 4-2A). Importantly, this effect was abrogated when tryptophan-

depleted medium was supplemented with 25µM or 10µM tryptophan (Figure 4-2A). 

Tryptophan deprivation also induced the expression of the full-length SLC1A5 at the 

protein level (Figure 4-2B). This effect was observable at concentrations of tryptophan 
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equal to or below 5µM, and was abolished at the concentration of 10µM (Figure 4-2B), 

consistent with the quantitative PCR results (Figure 4-2A). We then extended the results 

obtained in HeLa cells to a panel of other human tumour cell lines, including epidermoid 

carcinoma, prostate and pancreas cancer cell lines, which increased SLC1A5 expression to 

different extents. The highest upregulation in tryptophan-depleted medium was observed in 

HeLa (6.6-fold), DU145 (5-fold) and HPAF (3.7-fold) cell lines (Figure 4-3A). 

Interestingly, when comparing different human tumour cell lines, we observed a degree of 

variability in SLC1A5 SDS mobility, which is likely to be accounted for by different levels 

of glycosylation, as treatment of cell lysates with the deglycosylating enzyme PNGase F 

abolished this variability (Figure 4-3B).  

 

 

 

 

 

 
 
 
 
 
Figure 4-1. Tryptophan is present in minute amounts in the tryptophan-depleted 
medium supplemented with dialysed FBS 
Tryptophan concentrations were measured by HPLC in FBS, dialysed FBS (dFBS), 
conventional medium supplemented with 10% FBS, tryptophan depleted medium and 
tryptophan depleted medium supplemented with 10% dFBS. 
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Figure 4-2. SLC1A5 expression is induced in tumour cells cultured under low 
tryptophan conditions 
(A) WT HeLa cells were incubated in tissue culture medium containing indicated 
concentrations of tryptophan for 72h. SLC1A5(L) and SLC1A5(S) mRNA expression levels 
were analysed by quantitative PCR, and are shown as fold change in expression relative to 
Gapd. Bars represent the mean ± SEM. (B) WT HeLa cells were incubated in tissue culture 
medium containing indicated concentrations of tryptophan for 48h. Western blotting was 
performed with indicated antibodies and protein levels were quantified by densitometry.  
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Figure 4-3. Tryptophan depletion upregulates SLC1A5 expression in a panel of IDO 
negative tumour cell lines 
(A) HeLa, A431, DU145, DX3 and HPAF tumour cell lines were incubated in tissue 
culture medium depleted of tryptophan for 72h. Western blotting was performed with 
indicated antibodies and protein levels were quantified by densitometry. (B) Total cell 
lysates obtained from HeLa, A431, DU145 and DX3 tumour cell lines cultured in tissue 
culture medium depleted of tryptophan for 72h were treated with PNGase F enzyme, 
separated by SDS-PAGE and analysed by Western blotting with indicated antibodies.  

 
 

B

SLC1A5

β-actin

Trp

HeLa DU145 DX3A431

+ – + – + – + –

HeLa DU145 DX3A431

+ – + – + – + –

PNGase F– – – – – – – – + + + + + + + +

~57 kDa

50kDa

N
o

rm
a

li
s
e

d
 S

L
C

1
A

5
 l
e

v
e

ls

A

SLC1A5

β-actin

Trp

HeLa DU145 DX3 HPAFA431

+ – + – + – + – + –

40

60

0

20

80

100

Trp

HeLa DU145 DX3 HPAFA431

+ – + – + – + – + –



	
  
127 

4.1.1.1. Tryptophan deprivation modulates the expression of several amino acid 

transporters in tumour cells 

To assess whether tryptophan depletion has a more general effect on amino acid transporter 

profiling in tumour cells, we tested the sensitivity of SLC7A11 and SLC1A4 transporters, 

which showed enhanced expression in IDO+ and TDO+ tumour cells (Figures 3-2B, 3-3, 3-

6A), to tryptophan depletion. Notably, WT HeLa cells incubated in tryptophan-depleted 

medium, in addition to upregulation of SLC1A5 (Figures 4-2, 4-3), also increased the 

expression of SLC7A11 and SLC1A4 transcripts (Figure 4-4). These results are consistent 

with the upregulation of these amino acid transporters in the presence of tryptophan-

catabolising enzymes (Figures 3-2B, 3-3, 3-6A). 

 
 

 
 
 
 
 

 
 

 
 
Figure 4-4. Tryptophan depletion upregulates SLC7A11 and SLC1A4 expression in 
tumour cells 
WT HeLa cells were incubated in tissue culture medium depleted of tryptophan for 72h. 
SLC7A11 and SLC1A4 mRNA expression levels were analysed by quantitative PCR, and 
are shown as fold change in expression relative to Hprt.  Bars represent the mean ± SEM.  
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4.1.2. SLC1A5 expression in tumour cells is unaffected by AhR agonists kynurenine 

and FICZ 

IDO and TDO enzymatic activity not only reduces the concentration of tryptophan but also 

leads to accumulation of tryptophan metabolite kynurenine (Figure 3-1B), which has been 

identified as an endogenous ligand of AhR (Opitz et al., 2011). Kynurenine has been shown 

to mediate several of its immunosuppressive effects through activation of AhR (Opitz et al., 

2011), so we decided to investigate whether exposure of tumour cells to AhR ligands 

modulates their SLC1A5 expression. To test this possibility, we exposed WT HeLa cells to 

increasing concentrations of AhR agonists kynurenine and 6-formylindolo[3,2-b]carbazole 

(FICZ), or to tryptophan-deficient conditions, as a control, and measured their SLC1A5 

expression by Western blotting. While tryptophan deprivation induced an almost 8-fold 

SLC1A5 upregulation, AhR agonists had no effect on the levels of SLC1A5 expression in 

WT HeLa cells (Figure 4-5). 

 

 

 

 

 

 
 

Figure 4-5. The effect of AhR agonists on SLC1A5 expression in tumour cells 
WT HeLa cells were incubated in tissue culture medium depleted of tryptophan or treated 
with indicated concentrations of kynurenine (Kyn) or 6-formylindolo[3,2-b]carbazole 
(FICZ) for 72h. Western blotting was performed with indicated antibodies and protein 
levels were quantified by densitometry. 
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4.1.3. Differential modulation of SLC1A5 expression by the absence of distinct amino 

acids 

Having established that shortage of tryptophan can upregulate SLC1A5, we decided to 

extend these results by assessing whether the lack of other amino acids could also have an 

effect on this transporter’s expression in tumour cells. Interestingly, we found that SLC1A5 

expression is differentially modulated by the deprivation of specific amino acids. Although 

lack of tryptophan was the most potent inducer of SLC1A5 out of the amino acids tested, 

incubation of WT HeLa cells in the culture medium depleted of glutamine or arginine also 

markedly increased their SLC1A5 expression (Figure 4-6). This transporter’s expression 

was also sensitive to the extracellular concentrations of leucine and isoleucine. However, 

SLC1A5 induction in the absence of these EAAs was not as profound as in the absence of 

tryptophan (Figure 4-6). Notably, not all amino acids were able to induce SLC1A5 

expression, as glycine or serine deprivation exerted no substantial effect on SLC1A5 levels 

in HeLa cells (Figure 4-6).  
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Figure 4-6. SLC1A5 expression is induced in tumour cells starved of specific amino 
acids 
WT HeLa cells were incubated in tissue culture medium depleted of indicated amino acids 
for 48h. Western blotting was performed with indicated antibodies and protein levels were 
quantified by densitometry. 
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4.1.4. Kinetic of SLC1A5 upregulation under tryptophan- and glutamine-deficient 

conditions 

To further characterise the sensitivity of SLC1A5 expression to tryptophan and glutamine 

withdrawal, we performed time-course experiments using tryptophan- and glutamine-

depleted media. The results of these experiments demonstrated that, while 24h incubation 

in tryptophan-depleted medium induced some SLC1A5 upregulation in WT HeLa cells, it 

was more profound after 48h of tryptophan withdrawal, and peaked at 72h (Figure 4-7A). 

We observed a similar time-dependent increase in SLC1A5 levels in WT HeLa cells 

cultured in the absence of glutamine, however, the difference between the 48h and 72h time 

points was more substantial under these conditions (Figure 4-7B). We then asked whether 

SLC1A5 expression, enhanced following tryptophan or glutamine deprivation, could be 

brought back to its basal levels by re-supplementation of the missing amino acid. To test 

this possibility, we exposed WT HeLa cells to tryptophan- or glutamine-deficient 

conditions for 48h, and re-supplemented tryptophan or glutamine, respectively, for another 

24h (Figure 4-7). Although re-supplementation of tryptophan reduced SLC1A5 expression, 

it failed to downregulate it to the basal levels observed in unstarved HeLa cells (Figure 4-

7A), while 24h incubation was insufficient for re-added glutamine to bring down SLC1A5 

upregulation triggered by glutamine starvation (Figure 4-7B). 
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Figure 4-7. Kinetic of SLC1A5 expression in tryptophan- and glutamine-starved 
HeLa cells 
WT HeLa cells were incubated in tissue culture medium depleted of tryptophan (A) or 
glutamine (B) for the time periods indicated. Where applicable, tryptophan (A) or 
glutamine (B) was re-supplemented into tissue culture medium for 24h following 48h 
tryptophan (A) or glutamine (B) withdrawal. Western blotting was performed with 
indicated antibodies and protein levels were quantified by densitometry. h, hours. 
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4.2. The role of the ATF4 pathway in tryptophan shortage-induced amino 

acid transporter reprogramming 

4.2.1. IDO- and TDO-expressing tumour cells show evidence of ATF4 pathway 

activation 

We next assessed the possible mechanisms that may account for the induction of SLC1A5 

during tryptophan starvation. Amino acid depletion is sensed by the ATF4 pathway, which 

can be activated in response to increased levels of uncharged tRNA (Harding et al., 2000a; 

Harding et al., 2003). We interrogated our RNA-seq data for changes in the expression of 

stress response genes in IDO+ tumour cells, and observed a strong transcriptional signature 

associated with ATF4 pathway activation, as evidenced by the upregulation of ATF4, 

ATF3, CHOP, GADD34, TRIB3 and HERPUD1 genes in IFNγ-treated WT and IDO1-

transduced HeLa cells (Figure 4-8). In line with this gene expression analysis, ATF4 

protein expression was enhanced in IFNγ-treated WT, IDO1- and TDO2-transduced HeLa 

cells, while it was virtually undetectable in untreated WT and GFP-transduced tumour cells 

(Figure 4-9) exhibiting no tryptophan-catabolising activity (Figure 3-1B). 
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Figure 4-8. Activation of the ATF4 pathway genes in IDO-expressing tumour cells 
(A) RNA-seq transcriptome profiles of the integrated stress response genes in IDO1-
transduced vs GFP-transduced and IFNγ-treated vs untreated WT HeLa cells cultured for 
48h or 72h. The hierarchical clustering of genes was performed using Gene-E package, 
with distance determined by the Pearson correlation coefficient. (B) Fold change in the 
expression of indicated genes in IFNγ-treated vs untreated WT HeLa cells cultured for 72h 
(top circles) and in IDO1-transduced vs GFP-transduced HeLa cells cultured for 72h 
(bottom circles), as indicated in the legend box on the right. 
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Figure 4-9. IDO- and TDO-expressing tumour cells exhibit ATF4 protein activation 
WT, IFNγ-treated, GFP-transduced, IDO1-transduced and TDO2-transduced HeLa cells 
were cultured for 72h. Western blotting was performed with indicated antibodies.  
 
 
 
4.2.2.  ATF4 mirrors SLC1A5 expression under specific amino acid starvation 

conditions  

To investigate whether ATF4 expression is differentially modulated by the absence of 

distinct amino acids, we measured ATF4 levels in WT HeLa cells cultured under various 

amino acid-deprived conditions. While ATF4 protein was almost undetectable in complete 

medium, its expression increased markedly in tumour cells cultured in the absence of 

tryptophan, glutamine, and, to a lesser extent, arginine and isoleucine (Figure 4-10A). Lack 

of glycine and serine, on the other hand, failed to activate ATF4 in HeLa cells (Figure 4-

10A), analogous to SLC1A5 protein expression pattern (Figure 4-6). ATF4 also mirrored 

SLC1A5 expression in tryptophan titration experiments. Similarly to SLC1A5 (Figure 4-

2B), the expression of this transcription factor was induced by concentrations of tryptophan 

lower than 5µM, as ATF4 could not be detected after supplementing the culture medium 

with 10µM tryptophan (Figure 4-10B).  
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Figure 4-10. ATF4 mirrors SLC1A5 expression in tumour cells starved of tryptophan 
and other amino acids 
WT HeLa cells were incubated in tissue culture medium depleted of indicated amino acids 
(A) or in the presence of indicated tryptophan concentrations (B) for 48h. Western blotting 
was performed with indicated antibodies and protein levels were quantified by 
densitometry.  
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4.2.3. GCN2 knockdown in tumour cells leads to impaired but not abolished SLC1A5 

upregulation in the absence of tryptophan 

Our observations that ATF4, in addition to being activated in IDO- and TDO-expressing 

tumour cells, mirrors SLC1A5 expression under tryptophan deprivation conditions 

proposed ATF4 pathway as a candidate regulator of SLC1A5 expression in tumour cells. 

Since GCN2 acts as the main eIF2α kinase activating ATF4 in response to amino acid 

deficiency (Dong et al., 2000; Wek et al., 1995), we decided to knock down GCN2 in 

tumour cells. Using GCN2 shRNA knockdown strategy, we achieved similar transduction 

efficiency with lentiviral supernatant and concentrated lentivirus (Figure 4-11A). As a 

control, we also transduced WT HeLa cells with a lentivirus encoding non-target shRNA 

that targets no known mammalian genes. As expected, HeLa cells receiving control shRNA 

retained normal GCN2 expression levels (Figure 4-11A). To measure SLC1A5 expression 

on the cell surface, we used the previously characterised SLC1A5-specific staining reagent 

RD114-RBD mFc (Laval et al., 2013), which utilises the binding specificity of the RD114 

virus envelope glycoprotein for this amino acid transporter (Rasko et al., 1999; Tailor et al., 

1999). Of note, the RD114-RBD mFc only detects the SLC1A5(L) isoform, as the 

extracellular loop 2, which is lost in the truncated isoforms (Figure 3-5B), has been shown 

to be critical for RD114 virus binding (Marin et al., 2003; Rasko et al., 1999; Shimode et 

al., 2013). Using RD114-RBD mFc staining, we then assessed the ability of GCN2 

knockdown HeLa cells to modulate SLC1A5 expression following tryptophan withdrawal. 

While the untreated WT and shRNA control-receiving HeLa cells readily enhanced 

SLC1A5 expression when cultured in tryptophan-depleted medium, GCN2 knockdown 

HeLa cells exhibited a partially reduced but not abrogated ability to upregulate SLC1A5 

under these conditions (Figure 4-11B). 
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Figure 4-11. The effect of GCN2 knockdown on SLC1A5 expression in tumour cells 
starved of tryptophan 
(A) WT HeLa cells were transduced with lentiviral supernatant (S) or concentrated 
lentivirus (C) encoding either GCN2-targeting shRNA or control shRNA. Transduced 
HeLa cells were selected with 1µg/ml puromycin. Total cell lysates obtained from WT, 
GCN2 shRNA- and control shRNA-transduced HeLa cells were analysed by Western 
blotting with indicated antibodies. The expected molecular weight of GCN2 band is 
220kDa (indicated by arrow). (B) WT, GCN2 shRNA- and control shRNA-transduced 
HeLa cells were incubated in complete tissue culture medium (shown in green) or tissue 
culture medium depleted of tryptophan (shown in red) for 72h, in triplicate. SLC1A5 cell 
surface expression was assessed by flow cytometry using RD114-RBD mFc staining. 
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4.2.4. SLC1A5 upregulation in tryptophan-starved tumour cells is dependent on 

ATF4 

Due to the ambiguous results observed in GCN2 knockdown HeLa cells, we decided to 

dissect the role of the ATF4 pathway in regulation of SLC1A5 expression under 

tryptophan-deficient conditions by directly targeting ATF4, rather than its upstream 

activators, with a lentiviral CRISPR construct. We confirmed the knockdown of ATF4 by 

incubating HeLa cells transduced with Cas9 and ATF4-targeting chimeric guide RNA in 

tryptophan-depleted medium. In sharp contrast to WT HeLa, ATF4 knockdown HeLa cells 

failed to efficiently express ATF4 in the absence of tryptophan, which was paralleled by 

complete abrogation of SLC1A5 upregulation under these conditions (Figure 4-12). We 

also confirmed these results using ATF4 shRNA knockdown strategy, which yielded 

similar knockdown efficiency (Figure 4-13). ATF4 shRNA knockdown HeLa cells, 

similarly to ATF4 CRISPR knockdown cells, showed comparable levels of SLC1A5 

expression under tryptophan-sufficient and -deficient conditions, unlike untransduced WT 

HeLa or HeLa cells receiving control shRNA (Figure 4-13). Of note, in contrast to ATF4 

knockdown HeLa, GCN2 knockdown HeLa cells still exhibited considerable levels of 

ATF4 activation in tryptophan-depleted medium (Figure 4-14), which could explain the 

lack of complete loss of SLC1A5 upregulation in these cells (Figures 4-11B, 4-14). 

Furthermore, in addition to the main transcript, SLC1A5(L), ATF4 knockdown tumour cells 

failed to upregulate the transcription of truncated SLC1A5 isoforms SLC1A5(S) and 

SLC1A5(M) following tryptophan withdrawal (Figure 4-15A). Finally, we tested whether 

expression of other amino acid transporters sensitive to tryptophan depletion, SLC7A11 

and SLC1A4 (Figure 4-4), is also dependent on ATF4. Similarly to SLC1A5 transcripts, 

upregulation of SLC7A11 and SLC1A4 in tryptophan-depleted medium was abolished 

following knockdown of ATF4 (Figure 4-15B). 
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Figure 4-12. ATF4 mediates SLC1A5 upregulation upon tryptophan withdrawal 
WT and ATF4 knockdown (ATF4 KD) HeLa cells generated using CRISPR/Cas9 targeting 
ATF4 were incubated in tissue culture medium depleted of tryptophan for 48h. Western 
blotting was performed with indicated antibodies and protein levels were quantified by 
densitometry.  
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Figure 4-13. CRISPR/Cas9- and shRNA-mediated ATF4 knockdown leads to 
abolished SLC1A5 upregulation upon tryptophan withdrawal 
WT, control shRNA-transduced and ATF4 knockdown (ATF4 KD) HeLa cells, generated 
using either CRISPR/Cas9 or shRNA targeting ATF4, were incubated in tissue culture 
medium depleted of tryptophan for 48h. Western blotting was performed with indicated 
antibodies.  
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4-14. GCN2 knockdown HeLa cells exhibit remnant ATF4 activation under 
tryptophan-deficient conditions 
WT HeLa and HeLa cells transduced with ATF4-targeting shRNA, GCN2-targeting 
shRNA or control shRNA were incubated in tissue culture medium depleted of tryptophan 
for 48h. Western blotting was performed with indicated antibodies. 
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Figure 4-15. ATF4 mediates several amino acid transporter upregulation upon 
tryptophan withdrawal 
WT and ATF4 knockdown (ATF4 KD) HeLa cells generated using CRISPR/Cas9 targeting 
ATF4 were incubated in tissue culture medium depleted of tryptophan for 48h. SLC1A5(L), 
SLC1A5(S) and SLC1A5(M) mRNA expression levels (A), and SLC7A11 and SLC1A4 
mRNA expression levels (B) were quantified by quantitative PCR, and are shown as fold 
change in expression in tryptophan-depleted vs complete tissue culture medium, relative to 
Hprt1. Bars represent the mean ± SEM. ND, non-detected. 
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4.2.5. ATF4 ChIP assay reveals increased ATF4 binding to SLC1A5 under 

tryptophan-deficient conditions 

Having established that SLC1A5 upregulation in tryptophan-starved tumour cells is 

controlled by ATF4, we next performed ATF4 ChIP-q-RT-PCR experiments in HeLa cells 

cultured in tryptophan-depleted medium or medium supplemented with all amino acids. 

Consistent with our previous findings, we observed increased ATF4 recruitment to the 

SLC1A5 gene under tryptophan-deficient conditions (Figure 4-16). In addition, tryptophan-

starved HeLa cells exhibited enhanced ATF4 binding to the ASNS gene (Figure 4-16), an 

ATF4-dependent gene (Siu et al., 2002) that we used as a positive control. 

 

 

 

 
 
 

 
 
 
 
 
 

Figure 4-16. Tryptophan deprivation leads to enhanced ATF4 recruitment to SLC1A5 
and ASNS genes 
ATF4 ChIP was conducted on WT HeLa cells incubated in tissue culture medium depleted 
of tryptophan for 48h. The data are shown as percentage of total input (5% of the total 
chromatin, which was sonicated but not incubated with the ATF4 ChIP antibody). 
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4.3. Discussion 

The mechanisms underlying regulation of amino acid transporters such as SLC1A5 in 

cancer are largely poorly understood. To elucidate the mechanisms responsible for amino 

acid transporter reprogramming, particularly the upregulation of SLC1A5, in cancer cells 

expressing tryptophan-catabolising enzymes, we exposed tumour cells to two metabolic 

fates of IDO/TDO enzymatic activity – tryptophan depletion and kynurenine accumulation. 

Tryptophan metabolite kynurenine, similarly to FICZ – a more potent AhR agonist, failed 

to modulate SLC1A5 levels in tumour cells, suggesting that AhR pathway is not involved 

in the regulation of SLC1A5 induction in the context of tryptophan catabolism. On the 

other hand, tryptophan starvation acted as a strong stimulus for this amino acid transporter 

expression, which also applied to SLC1A5 truncated isoforms. Notably, shortage of 

tryptophan was able to enhance SLC1A5 expression in a panel of IDO negative tumour cell 

lines, suggesting that the mechanisms controlling SLC1A5 upregulation are shared by 

transformed cells of different origin. Furthermore, we have observed that SLC1A5 is not 

the only transporter sensitive to the extracellular tryptophan concentration, as lack of 

tryptophan also enhanced the expression of SLC7A11 and SLC1A4, demonstrating a more 

general effect of tryptophan starvation on amino acid transporter profiling. These results 

suggest that modulation of the SLC1A5, SLC7A11 and SLC1A4 expression profile 

observed in tumour cells expressing tryptophan-catabolising enzymes are a direct 

consequence of tryptophan depletion induced by IDO/TDO enzymatic activity. 

We have also observed differential modulation of SLC1A5 expression by the withdrawal of 

distinct amino acids from the culture medium. More specifically, while lack of tryptophan 

was one of the most potent inducers of SLC1A5, its expression was also enhanced by the 

absence of some other amino acids, such as glutamine and arginine. While the induction of 

SLC1A5 expression by the absence of glutamine is perhaps unsurprising, given its high 
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affinity for this amino acid (Kekuda et al., 1996; Pingitore et al., 2013; Utsunomiya-Tate et 

al., 1996), SLC1A5 sensitivity to the availability of its low-affinity substrates tryptophan 

and arginine (Kekuda et al., 1996; Pingitore et al., 2013; Utsunomiya-Tate et al., 1996) is 

somewhat intriguing. These results suggest that SLC1A5 upregulation represents a specific 

amino acid depletion response mechanism. Moreover, our findings suggest that the 

molecular mechanisms described in this study may also apply to tumour cells expressing 

the arginine-degrading enzyme arginase. Further studies investigating the SLC1A5 

expression profile in tumour cells with such characteristics are warranted. Furthermore, in 

addition to being regulated by amino acid availability, we found that SLC1A5 expression is 

highly sensitive to variation in the local tryptophan concentration, with induction of this 

amino acid transporter observed within 0 to 5µM range. These results are consistent with 

the enhanced expression of SLC1A5 in IDO- and TDO-expressing tumour cells, which 

degrade tryptophan to concentrations below 2.5µM in tissue culture medium (Chapter 3.1). 

Importantly, SLC1A5 upregulation following amino acid withdrawal also appears to be 

persistent, as it cannot be brought down to basal levels with short-term re-supplementation 

of the missing amino acid. These findings could have implications for the amino acid 

starvation response in vivo, where tryptophan could still be intermittently available (e.g. 

from dying cells) in the presence of tryptophan-catabolising enzymes. 

ATF4 is a known regulator of the nutritional stress response (Harding et al., 2000a; 

Harding et al., 2003), which we showed to be activated in IDO-expressing tumour cells and 

tumour cells exposed to culture conditions with limited amounts of tryptophan, under 

which ATF4 mirrored the expression of SLC1A5. Based on these findings, we 

hypothesised that ATF4 pathway could be involved in the induction of SLC1A5 expression 

under low tryptophan conditions. We undertook two approaches to test this hypothesis; one 

involved silencing of the ATF4-activating eIF2α kinase GCN2, and the other – a direct 
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knockdown of the ATF4 transcription factor. In our experimental conditions, SLC1A5 

induction in response to tryptophan shortage was completely abolished in ATF4 

knockdown tumour cells, which failed to efficiently activate ATF4 in tryptophan-depleted 

medium. In addition, we showed that tryptophan shortage induced increased ATF4 binding 

to the SLC1A5 gene. Collectively, these results demonstrate that SLC1A5 upregulation in 

tryptophan-starved tumour cells is dependent on the ATF4 pathway. On the other hand, 

GCN2 knockdown tumour cells exhibited only a partial reduction in SLC1A5 upregulation 

in tryptophan-depleted medium. These findings are consistent with the remnant levels of 

ATF4 activation that we observed in GCN2 knockdown tumour cells kept under these 

conditions, which could be a result of signaling for ATF4 activation by the unsilenced 

GCN2 or through compensatory GCN2-independent mechanisms. In vivo, for example, loss 

of GCN2 in a mouse model of sarcoma has been shown to upregulate another eIF2α kinase, 

PERK, also able to induce ATF4 activation (Lehman et al., 2015). Alternatively, PERK and 

the unfolded protein response (Harding et al., 2000a; Harding et al., 2003) may contribute 

to the tryptophan withdrawal-induced ATF4 activation in addition to (rather than 

compensatory for the loss of) GCN2. Further experiments are warranted to address these 

possibilities. 

Notably, we found that all three top upregulated amino acid transporters in IDO+ tumour 

cells, SLC1A5, SLC7A11 and SLC1A4, showed evidence of regulation by the ATF4 stress 

response pathway. In addition to the main SLC1A5 isoform, ATF4 also controlled the 

induction of truncated isoforms in tryptophan-starved tumour cells. Thus, we identified 

ATF4 as a master transcription factor mediating the changes in amino acid transporter 

profiling under low tryptophan conditions. These data are in agreement with the previously 

reported regulation of several amino acid transporter genes by the ATF4 pathway (Harding 

et al., 2003; Ren et al., 2015) and with the role of ATF4 in promoting tumour cells’ survival 
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and proliferation under amino acid starvation conditions (Ye et al., 2010). Collectively, our 

results suggest that tumour cells may be able to compensate for tryptophan deprivation in 

the tumour microenvironment through ATF4-dependent upregulation of amino acid 

transporters mediating cellular uptake of tryptophan, such as SLC1A5. This is consistent 

with the impaired adaptation of SLC1A5 knockdown tumour cells to low tryptophan 

conditions, as evidenced by the reduced proliferation exhibited by these cells in tryptophan-

depleted medium (Chapter 3.3). 

The key role of ATF4 in the adaptation of tumour cells to tryptophan starvation is further 

underscored by upregulation of several ATF4-dependent genes involved in biological 

functions other than amino acid transport in IDO-expressing tumour cells, including 

tryptophanyl-tRNA synthetase (WARS) (Han et al., 2013; Harding et al., 2003), asparagine 

synthetase (ASNS) (Siu et al., 2002), glutamic pyruvate transaminase 2	
  GPT2 (Hao et al., 

2016; Igarashi et al., 2007) and C/EBPβ (Harding et al., 2003) (Chapter 3.1). These genes 

could also contribute to the resistance of IDO- and TDO-expressing tumour cells to 

tryptophan deprivation in the tumour microenvironment. Upregulation of tryptophanyl-

tRNA synthetase, for example, may allow IDO- and TDO-expressing tumour cells to 

replete their intracellular tryptophanyl-tRNA stocks before degrading available tryptophan, 

while asparagine synthetase has been previously shown to induce pro-survival and 

proliferation-inducing effects in tumour cells undergoing amino acid starvation (Ye et al., 

2010). Further studies are needed to address the functional importance of the changes 

occurring in tRNA aminoacylation and amino acid biosynthesis processes in tumours 

expressing tryptophan-degrading enzymes. 

Notably, ATF4 is unlikely to be the sole regulator of SLC1A5 expression in cancer. 

Overexpression of SLC1A5 has been reported in cancerous tissues of different origin 

(compared to normal tissues), including the brain, colon, lung, mammary gland, skin and 
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stomach, among others (Fuchs and Bode, 2005), which is likely to be driven by Myc 

oncogene, which directly targets SLC1A5 (Ren et al., 2015; Wise et al., 2008). In line with 

this, increased expression of 14-3-3σ, a negative regulator of c-Myc, is associated with 

reduced SLC1A5 expression (Phan et al., 2015). In addition to c-Myc (Wise et al., 2008) 

and N-Myc (Ren et al., 2015), SLC1A5 expression has been reported to be controlled by 

other pathways, including Rb/E2F (Reynolds et al., 2014) and EGF signaling (Avissar et 

al., 2008). Such cell-intrinsic mechanisms, linked to the neoplastic process, could synergise 

with the environmental effect of tryptophan depletion. More recently, the ubiquitin ligase 

RNF5 has been found to target SLC1A5 by facilitating its ubiquitinylation and degradation 

in paclitaxel-treated breast cancer cells undergoing ER stress (Jeon et al., 2015). Moreover, 

histone lysine demethylase KDM4C, which is commonly overexpressed in cancer, has been 

shown to cooperate with ATF4 in the transcriptional control of SLC1A5 expression (Zhao 

et al., 2016). These results suggest the presence and involvement of previously unknown 

pathways in SLC1A5 regulation, which may prove to be important therapeutic targets. 

In summary, the experiments performed in Chapter 4 suggest that the modulation of amino 

acid profiling occurring in IDO-expressing tumour cells is induced by the shortage of 

tryptophan and is dependent on the activation of the transcription factor ATF4 – a master 

regulator of numerous stress response genes, including SLC1A5, SLC7A11 and SLC1A4 

amino acid transporters. We have thus demonstrated a role for ATF4 in amino acid 

reprogramming and sustaining metabolic homeostasis under tryptophan starvation 

conditions. 

 



	
  
149 

CHAPTER 5: Analysis of SLC1A5 expression in 
resident cells of the tumour microenvironment and 
primary tumours 

 
Apart from tumour cells themselves, the tumour microenvironment contains a significant 

infiltrate of immune cells, including lymphocytes (both tumour-specific CD8+ T cells and 

immunosuppressive Treg cells), myeloid cells, as well as non-immune populations like 

fibroblasts and stromal cells, all of which may contribute to the fate of tumour progression. 

Importantly, in the context of an IDO/TDO-expressing tumour, these cells would also need 

to cope with a low tryptophan microenvironment. In this Chapter, we assess the SLC1A5 

expression profile in resident immune cells of the tumour microenvironment, including 

conventional T cells, iNKT cells, Treg cells and IDO-competent DCs, and extend our 

findings describing the link between tryptophan deprivation and amino acid transporter 

reprogramming in human tumour cell lines to mouse tumours growing in vivo and primary 

human tumours. 

 

5.1. SLC1A5 expression in human T cells 

5.1.1. T cell response to tryptophan starvation 

5.1.1.1. Human T cell proliferation is inhibited at tryptophan concentrations lower 

than 5µM 

Tryptophan degradation by IDO-expressing tumours is a common mechanism of immune 

escape, which has been reported to inhibit effector T lymphocytes (Pilotte et al., 2012; 

Uyttenhove et al., 2003). To study T cell response to tryptophan starvation, we first 

examined proliferation of activated primary T cells in culture medium with graded amounts 
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of tryptophan using CFSE staining. CD4+ T cells stimulated with αCD3/CD28 antibodies 

exhibited efficient proliferation at concentrations of tryptophan ranging from 25µM to 

5µM, while their proliferation was strongly inhibited in tryptophan-depleted medium with 

no added tryptophan (Figure 5-1). These findings suggested that T cell proliferative arrest 

is induced at concentrations of tryptophan lower than 5µM. To examine this phenomenon 

further, we incubated αCD3/CD28-treated CD4+ T cells in culture medium containing 5, 2, 

1.5, 1, 0.5 and 0µM tryptophan. Within this concentration range, we observed a dose-

dependent inhibitory effect on T cell proliferation (Figure 5-2). Notably, T cells exposed to 

low tryptophan concentrations demonstrated comparable levels of cell death (Figure 5-2). 

These findings are consistent with the hypothesis that the effects of tryptophan deprivation 

on T cell proliferation are mediated through cell cycle arrest (Kudo et al., 2001; Munn et 

al., 1999) rather than induction of apoptosis. Furthermore, we found that addition of 

kynurenine to activated T cells cultured under normal or low tryptophan conditions had no 

substantial effect on cell division, as determined by CFSE staining, apart from a trend for a 

minor inhibitory effect at 25µM tryptophan, which could not be reproduced at low 

tryptophan concentrations (5µM and 0µM) (Figure 5-3). 
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Figure 5-1. Tryptophan concentrations below 5µM inhibit human T cell proliferation 
Human CD4+ T cells were labeled with CFSE, stimulated with plate-bound αCD3/CD28 
antibodies and incubated in conventional tissue culture medium or tryptophan-depleted 
tissue culture medium supplemented with indicated concentrations of tryptophan. After 
96h, the cells were harvested, stained with live/dead, anti-human CD3 and CD4 antibodies 
and acquired by flow cytometry. CFSE levels were determined in live, CD3+ CD4+ cells 
using the gate shown (top panel). Bars represent the mean ± SEM. 
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Figure 5-2. The effect of low tryptophan concentrations on human T cell proliferation 
and viability 
Human CD4+ T cells were labeled with CFSE, stimulated with plate-bound αCD3/CD28 
antibodies and incubated in conventional tissue culture medium or tryptophan-depleted 
tissue culture medium supplemented with indicated concentrations of tryptophan. After 
96h, the cells were harvested, stained with live/dead, anti-human CD3 and CD4 antibodies 
and acquired by flow cytometry. CFSE levels (top panel) were determined in live, CD3+ 
CD4+ cells. Bars represent the mean ± SEM. 
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Figure 5-3. The effect of kynurenine on human T cell proliferation under normal and 
low tryptophan concentrations 
Human CD4+ T cells were labeled with CFSE, stimulated with plate-bound αCD3/CD28 
antibodies and incubated in tryptophan-depleted tissue culture medium supplemented with 
25, 5 or 0µM tryptophan. Where indicated, tissue culture medium was also supplemented 
with 50µM kynurenine (kyn). After 96h, the cells were harvested, stained with live/dead, 
anti-human CD3 and CD4 antibodies and acquired by flow cytometry. CFSE levels were 
determined in live, CD3+ CD4+ cells. 
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5.1.2. Resting human T cells fail to upregulate amino acid transporters in response to 

tryptophan starvation  

Next, we set out to determine whether T lymphocytes, similarly to tumour cells, are able to 

alter their SLC1A5 expression profile when undergoing tryptophan starvation. To address 

this question, we first incubated resting human CD4+ and CD8+ T cells in tryptophan-

depleted medium and measured their SLC1A5 expression using the SLC1A5-specific 

staining reagent RD114-RBD mFc. Notably, both CD4+ and CD8+ T cells exhibited low 

levels of SLC1A5 cell surface expression, especially when compared to tumour cells 

(Figure 5-4A). More importantly, resting CD4+ and CD8+ T cells failed to enhance 

SLC1A5 expression in response to tryptophan depletion, in sharp contrast to the 

upregulation of SLC1A5 observed in HeLa cells maintained under identical conditions 

(Figure 5-4A). In addition to the full-length isoform, human T cells kept in tryptophan-

depleted medium also failed to express the alternative SLC1A5 isoform (Figure 5-4B). 

Notably, the expression of other amino acid transporters upregulated in tryptophan-starved 

tumour cells, SLC1A4 and SLC7A11, were also not enhanced in T cells undergoing 

tryptophan starvation (Figure 5-5). 
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Figure 5-4. Human T cells fail to upregulate SLC1A5 expression upon tryptophan 
deprivation 
WT HeLa and resting human CD4+ and CD8+ T cells were incubated in tissue culture 
medium depleted of tryptophan for 48h. SLC1A5 cell surface expression was assessed by 
flow cytometry using RD114-RBD mFc staining (A). SLC1A5(L) and SLC1A5(S) mRNA 
expression levels were analyzed by quantitative PCR, and are shown as fold change in 
expression in tryptophan-depleted vs complete tissue culture medium, relative to Hprt1. 
Bars represent the mean ± SEM. ND, non-detected (B). 
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Figure 5-5. The expression of SLC1A5, SLC1A4 and SLC7A11 amino acid 
transporters in human T cells is unaffected by tryptophan deprivation 
WT HeLa and resting human CD4+ and CD8+ T cells were incubated in tissue culture 
medium depleted of tryptophan for 48h. SLC1A5, SLC1A4 and SLC7A11 mRNA 
expression levels were analyzed by quantitative PCR, and are shown as fold change in 
expression relative to 18S. Bars represent the mean ± SEM. 
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5.1.3. SLC1A5 expression in human T cells is enhanced upon activation and 

modulated by the strength of TCR engagement 

We next investigated whether SLC1A5 expression in human T cells is altered upon T cell 

activation. The results of these experiments demonstrated that treatment with αCD3/CD28 

antibodies strongly upregulated SLC1A5 expression in both CD4+ and CD8+ T cells 

(Figure 5-6A). While these findings are consistent with the increased metabolic demands 

of activated T cells (MacIver et al., 2013), it still remained unclear whether upregulation of 

SLC1A5 upon TCR-dependent T cell activation can be modulated by the strength of the 

TCR signaling events. To address this question, we stimulated an NY-ESO-1-specific 

human CD8+ T cell clone with increasing concentrations of the cognate NY-ESO-1157–165 

peptide (Chen et al., 2000) or with αCD3/CD28 antibodies, as a control. We then used the 

SLC1A5-specific staining reagent RD114-RBD mFc to correlate SLC1A5 cell surface 

expression with T cell activation, as defined by CD25 upregulation. While low (0.1–

1ng/ml) concentrations of the peptide induced very little activation (approximately 2% of 

the cells were activated by 1ng/ml peptide), treatment with 10–1000ng/ml of the NY-ESO-

1157–165 peptide resulted in efficient dose-dependent activation of the CD8+ T cell clone 

(Figure 5-6B). Notably, at these concentrations, we observed that upregulation of SLC1A5 

directly correlated with the amount of NY-ESO-1157–165 peptide added and with CD25 

upregulation (Figure 5-6B), demonstrating that it depends on the strength of TCR 

engagement. 
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Figure 5-6. SLC1A5 upregulation in activated human T cells depends on the strength 
of TCR engagement 
(A) Human CD4+ and CD8+ T cells were stimulated with plate-bound αCD3/CD28 
antibodies for 96h, and SLC1A5 cell surface expression was assessed by flow cytometry 
using RD114-RBD mFc staining. (B) NY-ESO-1-specific CD8+ T cell clone was 
stimulated with αCD3/CD28 antibodies or co-cultured with antigen presenting cells pre-
pulsed with the indicated concentrations of NY-ESO-1157–165 (9V) peptide analogue. After 
48h, SLC1A5 (RD114-RBD mFc staining) and CD25 expression was assessed by flow 
cytometry. Bars represent the mean ± SEM. MFI, mean fluorescence intensity. 
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5.1.4. Pharmacological inhibition of SLC1A5 inhibits mTOR signaling in activated 

human T cells 

Having demonstrated that SLC1A5 is upregulated in T cells receiving a strong activation 

stimulus, such as treatment with αCD3/CD28 antibodies or sufficient concentrations of 

cognate peptide, we next asked whether SLC1A5 expression in T cells played a role in 

mTOR pathway activation, which is reflective of the cell’s amino acid uptake capacity. 

While phosphorylated S6 ribosomal protein was virtually undetectable in resting human T 

cells, its levels readily increased upon T cell activation (Figure 5-7). On the other hand, 

pharmacological inhibition of SLC1A5 with 10mM BenSer led to a reduction in mTOR 

pathway activation in αCD3/CD28-treated T cells (Figure 5-7). These findings are 

consistent with the increased metabolic demand of activated T cells for amino acids that 

can be transported by SLC1A5, such as glutamine (Carr et al., 2010; Nakaya et al., 2014). 

 

 

 

 

Figure 5-7. mTOR pathway activation is enhanced in activated human T cells and 
suppressed in the presence of SLC1A5 inhibitor BenSer 
Human CD4+ T cells, either stimulated (+) or unstimulated (-) with plate-bound 
αCD3/CD28 antibodies were incubated in the presence of indicated concentrations of 
BenSer for 6h. Western blotting was performed with indicated antibodies. 
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5.1.5. SLC1A5 expression in activated human T cells is unaffected by tryptophan 

starvation 

We then asked whether increased SLC1A5 expression in activated T cells is further 

enhanced during T cell starvation response. To investigate this, we exposed resting or 

αCD3/CD28-treated human CD4+ and CD8+ T cells to low tryptophan conditions and 

measured their SLC1A5 transcription and protein expression by q-RT-PCR and Western 

blotting, respectively. Consistent with our previous results, activated T cells significantly 

enhanced their SLC1A5 expression following treatment with αCD3/CD28 antibodies 

(Figure 5-8A). On the other hand, unlike HeLa cells, both resting and activated T cells 

expressed comparable levels of SLC1A5 mRNA under tryptophan-sufficient and -deficient 

conditions (Figure 5-8A). Of note, even following activation-induced SLC1A5 

upregulation, SLC1A5 expression was still significantly lower in T cells than in tryptophan-

starved tumour cells (Figure 5-8A). We observed similar results on the protein level. While 

resting CD4+ and CD8+ T cells hardly exhibited any detectable levels of SLC1A5 protein, T 

cell activation led to increased SLC1A5 expression (Figure 5-8B). However, tryptophan 

depletion failed to induce further upregulation of SLC1A5 in αCD3/CD28-treated T cells 

(Figure 5-8B). Interestingly, activated (but not resting) human CD4+ and CD8+ T cells also 

enhanced ATF4 expression when cultured in tryptophan-depleted medium, although not as 

efficiently as tryptophan-starved tumour cell lines (Figure 5-8B). These results confirm the 

activation of the ATF4 stress response pathway in stimulated T cells maintained under low 

tryptophan conditions. We thus have extended our results in resting human T cells by 

demonstrating that SLC1A5 expression in activated human T cells is unaffected by 

tryptophan depletion despite ATF4 activation. 
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Figure 5-8. Human T cells upregulate SLC1A5 expression upon TCR stimulation, but 
not in response to tryptophan withdrawal 
(A) WT HeLa and human CD4+ T cells, either resting or stimulated with plate-bound 
αCD3/CD28 antibodies, were incubated in tissue culture medium with or without 
tryptophan for 48h. SLC1A5 mRNA expression levels were analyzed by quantitative PCR, 
and are shown as fold change in expression relative to Actb. Bars represent the mean ± 
SEM. ns, non-significant. (B) WT HeLa, DU145, HPAF cells, and human CD4+ and CD8+ 

T cells, either stimulated (+) or unstimulated (-) with plate-bound αCD3/CD28 antibodies, 
were incubated in tissue culture medium with (+) or without (-) tryptophan for 48h. 
Western blotting was performed with indicated antibodies. 
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5.1.6.  WARS expression in human T cells is increased upon activation but not in 

response to tryptophan deprivation 

Having established that human T cells are unable to modulate their amino acid transporter 

expression profile in response to amino acid starvation, we next assessed whether T cells 

may exploit other potential tryptophan shortage compensatory mechanisms, such as the 

expression of tryptophanyl-tRNA synthetase WARS, which may help to maintain the 

intracellular tryptophanyl-tRNA levels, providing a reservoir for this essential amino acid 

under low tryptophan conditions. Similarly to SLC1A5, WARS expression at both mRNA 

and protein level was strongly upregulated in CD4+ and CD8+ T cells treated with 

αCD3/CD28 antibodies (Figure 5-9A and B). However, tryptophan-starved T cells still 

failed to enhance WARS expression further when cultured in tryptophan-depleted medium, 

in contrast to HeLa and DU145 tumour cell lines, which readily upregulated the expression 

of this enzyme when exposed to identical culture conditions (Figure 5-9A and B). 
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Figure 5-9. WARS expression is enhanced in human T cells upon TCR stimulation, 
but not in response to tryptophan withdrawal 
(A) WT HeLa, DU145 and human CD4+ T cells, either resting or stimulated with plate-
bound αCD3/CD28 antibodies, were incubated in tissue culture medium with or without 
tryptophan for 48h. WARS mRNA expression levels were analyzed by quantitative PCR, 
and are shown as fold change in expression relative to 18S. Bars represent the mean ± 
SEM. (B) WT HeLa and human CD4+ and CD8+ T cells, either stimulated (+) or 
unstimulated (-) with plate-bound αCD3/CD28 antibodies, were incubated in tissue culture 
medium with (+) or without (-) tryptophan for 48h. Western blotting was performed with 
indicated antibodies. 
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5.1.7. Activated human T cells increase the expression of ATF4-dependent genes 

GPT2 and ASNS when exposed to tryptophan deprivation 

Having found ATF4 to be activated in stimulated human T cells undergoing tryptophan 

starvation with no associated upregulation of ATF4-dependent genes SLC1A5 (Chapter 4.2) 

and WARS (Han et al., 2013; Harding et al., 2003), we questioned the functionality of the 

ATF4 stress response pathway in tryptophan-deprived T cells. To address this question, we 

tested the ability of T cells to upregulate other genes regulated by ATF4, such as GPT2 

(Hao et al., 2016; Igarashi et al., 2007) and ASNS (Siu et al., 2002). Notably, αCD3/CD28-

treated T cells cultured in tryptophan-depleted medium enhanced the transcription of both 

GPT2 and ASNS (Figure 5-10), suggesting a functional ATF4-dependent transcriptional 

program for these genes. Furthermore, in HeLa cells, tryptophan shortage induced an even 

stronger upregulation of GPT2 and ASNS expression (Figure 5-10), which is consistent 

with the robust activation of ATF4 in tumour cells exposed to low tryptophan conditions 

(Figure 5-8B). 

5.1.8. HOXB9 is upregulated during tryptophan starvation in both tumour cells and 

activated human T cells  

Hayashi et al. have described homeobox B9 (HOXB9) as an ATF4-induced suppressor of 

human T cell response to amino acid deficiency, which interferes with cytokine production 

by activated T cells undergoing starvation (Hayashi et al., 2016). Based on these findings, 

we hypothesised that HOXB9 could prevent the changes in amino acid transporter profiling 

in tryptophan-deprived T cells. Consistent with Hayashi et al.’s findings, we found that 

activated but not resting T cells increase HOXB9 expression when cultured in the absence 

of tryptophan (Figure 5-11). However, HOXB9 was also strongly upregulated in WT HeLa 

cells undergoing tryptophan starvation (Figure 5-11), which makes it an unlikely candidate 
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for a negative regulator of tryptophan shortage-induced amino acid transporter 

reprogramming. 

 

 

 

 

 

 

 

Figure 5-10. ATF4 target genes GPT2 and ASNS are upregulated in tumour cells and 
activated human T cells cultured under low tryptophan conditions 
WT HeLa and human CD8+ T cells, either resting or stimulated with plate-bound 
αCD3/CD28 antibodies, were incubated in tissue culture medium with or without 
tryptophan for 48h. GPT2 and ASNS mRNA expression levels were analyzed by 
quantitative PCR, and are shown as fold change in expression relative to 18S. Bars 
represent the mean ± SEM. 
 

 

 

 

 

 

 

 

Figure 5-11. Tumour cells and activated human T cells enhance HOXB9 expression 
following tryptophan withdrawal 
WT HeLa and human CD4+ T cells, either resting or stimulated with plate-bound 
αCD3/CD28 antibodies, were incubated in tissue culture medium with or without 
tryptophan for 48h. HOXB9 mRNA expression levels were analyzed by quantitative PCR, 
and are shown as fold change in expression relative to Actb. Bars represent the mean ± 
SEM. 
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5.1.9. Human iNKT cells exhibit a similar SLC1A5 expression profile to that of 

conventional T cells 

5.1.9.1. SLC1A5 expression in human iNKT cells is modulated by the strength of 

semi-invariant TCR engagement 

We then asked whether the SLC1A5 expression profile that we observed in human CD4+ 

and CD8+ T cells applied to a subset of T cells recognizing CD1d-bound lipid antigens – 

iNKT cells. We first assessed if, analogously to conventional T cells, iNKT cells could 

upregulate SLC1A5 expression upon activation with lipid antigens. To address this 

question, we stimulated iNKT cells with increasing concentrations of αGalCer or its 

analogues PI-3 and OCH-9, and measured SLC1A5 cell surface levels using RD114-RBD 

mFc staining. As expected, αGalCer activated iNKT cells in a dose-dependent manner, as 

evidenced by the increased percentage of CD25+ cells. Importantly, iNKT cell activation 

also correlated with SLC1A5 MFI (Figure 5-12). Similar results were obtained with 

synthetic glycolipids PI-3 and OCH-9, which also enhanced SLC1A5 expression in iNKT 

cells (Figures 5-13 and 5-14). Notably, while αGalCer and PI-3 treatment led to abundant 

secretion of IFNγ by iNKT cells, OCH-9 induced approximately 5 times less IFNγ 

production (Figure 5-15) and less cell activation, as determined by CD25 staining (Figure 

5-14). Consistent with OCH-9 being a weaker iNKT cell agonist, it also induced a less 

potent SLC1A5 upregulation than αGalCer or PI-3 (Figure 5-14). Collectively, our results 

suggest that, similarly to conventional T cells, SLC1A5 expression in iNKT cells depends 

on the strength of their semi-invariant TCR engagement. 
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Figure 5-12. SLC1A5 expression in human iNKT cells activated with αGalCer 
depends on the strength of TCR engagement 
Human Vα24+Vβ11+ cells were co-cultured with antigen presenting cells pre-pulsed with 
the indicated concentrations of αGalCer. After 48h, SLC1A5 (RD114-RBD mFc staining) 
and CD25 expression was assessed by flow cytometry. MFI, mean fluorescence intensity. 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 5-13. SLC1A5 expression in human iNKT cells activated with PI-3 depends on 
the strength of TCR engagement 
Human Vα24+Vβ11+ cells were co-cultured with antigen presenting cells pre-pulsed with 
the indicated concentrations of PI-3. After 48h, SLC1A5 (RD114-RBD mFc staining) and 
CD25 expression was assessed by flow cytometry. MFI, mean fluorescence intensity.
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Figure 5-14. SLC1A5 expression in human iNKT cells activated with OCH-9 depends 
on the strength of TCR engagement 
Human Vα24+Vβ11+ cells were co-cultured with antigen presenting cells pre-pulsed with 
the indicated concentrations of OCH-9. After 48h, SLC1A5 (RD114-RBD mFc staining) 
and CD25 expression was assessed by flow cytometry. MFI, mean fluorescence intensity. 
 
 
 

 
 

 
 
 
 
 

 
 
 

 
 
 

Figure 5-15. Lipid antigens induce IFNγ secretion by human iNKT cells 
Human Vα24+Vβ11+ cells were co-cultured with antigen presenting cells pre-pulsed with 
10ng/ml αGalCer, 10ng/ml PI-3 or 250ng/ml OCH-9. After 48h, supernatants were 
collected and IFNγ concentrations were determined by ELISA. Bars represent the mean ± 
SEM. 
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5.1.9.2.  SLC1A5 expression in human iNKT cells is unaffected by tryptophan 

starvation 

To test whether human iNKT cells are able to respond to tryptophan starvation by 

upregulating their SLC1A5 expression, we cultured resting or αGalCer-activated iNKT 

cells in tryptophan-depleted medium, along with a panel of tumour cell lines, and measured 

SLC1A5 protein levels by Western blotting. Consistent with SLC1A5 cell surface FACS 

staining (Figure 5-12), αGalCer acted as a strong inducer of SLC1A5 expression in iNKT 

cells, while resting iNKT cells expressed very low levels of this protein (Figure 5-16).  

Despite the upregulation upon activation, iNKT cells failed to further enhance SLC1A5 

expression under tryptophan-deficient conditions. Resting iNKT cells were also unable to 

modulate their SLC1A5 expression under these conditions, in contrast to tumour cell lines 

(Figure 5-16). These results are consistent with our observations in conventional MHC-

restricted CD4+ and CD8+ T cells. 

 

 

 

 
 
 
 
Figure 5-16. Human iNKT cells upregulate SLC1A5 expression upon TCR 
stimulation, but not in response to tryptophan withdrawal 
WT HeLa, DU145, HPAF cells and human Vα24+Vβ11+ cells, either stimulated (+) or 
unstimulated (-) with plate-bound hCD1d–αGalCer monomer, were incubated in tissue 
culture medium with (+) or without (-) tryptophan for 48h. Western blotting was performed 
with indicated antibodies. 
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5.1.10. Differential expression of SLC1A5 in human renal cell carcinoma/stromal 

cells and tumour-infiltrating CD8+ T cells ex vivo  

Having characterised SLC1A5 expression in primary human T cells isolated from healthy 

blood donors, we decided to extend our findings to tumour-infiltrating T cells. Using 

RD114-RBD mFc staining, we measured SLC1A5 cell surface expression in primary 

human renal cell carcinoma samples. Specifically, we compared SLC1A5 expression levels 

in the CD45- population, containing tumour cells and stromal cells (which cannot be 

distinguished in this analysis as both cell types are negative for CD45), and in the CD45+ 

CD8+ population, representing tumour-infiltrating CD8+ T cells (Figure 5-17A). Flow 

cytometry analysis of tumours from three renal cell carcinoma patients demonstrated a 

trend for lower SLC1A5 expression levels in CD45+ CD8+ cells than the CD45- fraction 

(Figure 5-17B). 
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Figure 5-17. The comparison of SLC1A5 expression in CD45- and CD45+ CD8+ cell 
populations in primary human renal cell carcinoma samples 
Single cell suspensions from primary human renal cell carcinoma tissues were stained with 
live/dead, anti-human CD45 and CD8 antibodies and RD114-RBD mFc, and acquired by 
flow cytometry. (A) Gating strategy to identify CD45- and CD45+ CD8+ populations. (B) 
Flow cytometry analysis of SLC1A5 cell surface expression in CD45- and CD45+ CD8+ 

populations from three renal cell carcinoma patients. 
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5.2. SLC1A5 expression by immunosuppressive immune cell populations  

5.2.1. IDO-inducing stimuli upregulate SLC1A5 expression in human MoDCs 

5.2.1.1. PGE2 and IFNγ induce IDO activity in human MoDCs 

We next set out to determine whether IDO-inducing stimuli in the tumour 

microenvironment, such as PGE2 (Braun et al., 2005; von Bergwelt-Baildon et al., 2006) 

and IFNγ (Carlin et al., 1989a; Munn et al., 1999; Spranger et al., 2013; Takikawa et al., 

1988), are able to modulate SLC1A5 expression in human DCs. First, we examined 

whether PGE2 and IFNγ can induce IDO activity in human MoDCs. PGE2-containing 

cytokine cocktail consisting of IL-1β, IL-6 and TNFα in addition to PGE2 is commonly 

used as a means of DC maturation in cancer immunotherapy trials. Consistently, we found 

that PGE2 was a major contributor to MoDC maturation. While over 70% of MoDCs 

treated with PGE2 in combination with IL-1β, IL-6 and TNFα expressed high levels of 

MHC class I and CD80 maturation markers, IL-1β, IL-6 and TNFα cytokines alone only 

induced approximately 40% of MoDCs to upregulate both these molecules (Figure 5-18A). 

Furthermore, PGE2-containing cytokine cocktail also induced IDO activity in MoDCs, as 

evidenced by the reduced tryptophan-to-kynurenine ratio in the supernatants of MoDCs 

receiving this treatment (Figure 5-18B). In addition, supernatants obtained from MoDCs 

treated with IFNγ or LPS also demonstrated evidence of tryptophan consumption and 

kynurenine production (Figure 5-18B), which is indicative of IDO activity. These findings 

are consistent with IDO induction upon DC maturation (Braun et al., 2005). 

5.2.1.2. PGE2, IFNγ and conditioned medium from activated iNKT cells induce IDO 

and SLC1A5 transcription in human MoDCs 

Having demonstrated that IFNγ is able to induce IDO activity in MoDCs, we next asked 

whether activated iNKT cells, which secrete high levels of IFNγ upon stimulation with 

ligand (Figure 5-15), can trigger the expression of this tryptophan-degrading enzyme in 
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MoDCs. To address this question, we treated MoDCs with the conditioned medium 

obtained from iNKT cells stimulated with αGalCer. Notably, similarly to PGE2-containing 

cytokine cocktail and recombinant IFNγ, supernatant of activated iNKT cells strongly 

upregulated IDO1 transcription (Figure 5-19). Even more importantly, increased IDO1 

expression in MoDCs receiving these treatments was also associated with enhanced 

transcription of SLC1A5 mRNA (Figure 5-19), further confirming the association between 

tryptophan catabolism and this amino acid transporter. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-18. PGE2-containing cytokine cocktail induces maturation and IDO activity 
in human MoDCs 
(A) Human MoDCs were cultured in the presence of 5ng/ml IL-1β, 15ng/ml IL-6, 10ng/ml 
TNFα with or without 5µg/ml PGE2. After 48h, the cells were harvested, stained with 
live/dead, anti-human HLA-ABC and CD80 antibodies and acquired by flow cytometry. 
(B) Human MoDCs were cultured in the presence of 5ng/ml IL-1β, 15ng/ml IL-6, 10ng/ml 
TNFα and 5µg/ml PGE2 (PGE2 cocktail), 1µg/ml LPS or 1000 U/ml IFNγ. After 48h, 
supernatants were collected, and tryptophan and kynurenine concentrations were 
determined by HPLC. 
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Figure 5-19. IDO-inducing stimuli enhance SLC1A5 expression in human MoDCs 
Human MoDCs were cultured in the presence of 5ng/ml IL-1β, 15ng/ml IL-6, 10ng/ml 
TNFα and 5µg/ml PGE2 (PGE2 cocktail), 1000 U/ml IFNγ or conditioned medium 
obtained from Vα24+Vβ11+ cells co-cultured with antigen presenting cells pre-pulsed with 
10ng/ml αGalCer for 48h. After 48h, the cells were harvested and IDO1 and SLC1A5 
mRNA expression levels were analyzed by quantitative PCR, which are shown as fold 
change in expression relative to Hprt. Bars represent the mean ± SEM. 
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5.2.2. Treg cells exhibit enhanced SLC1A5 expression levels 

Having shown enhanced SLC1A5 expression in IDO-competent DCs, we next assessed 

SLC1A5 expression in another key constituent of the immunosuppressive tumour 

microenvironment – Treg cells. To characterise SLC1A5 expression in Treg cells, we 

measured SLC1A5 cell surface levels in the CD4+ CD25+ FoxP3+ population using RD114-

RBD mFc staining. Our results demonstrated that human CD4+ CD25+ FoxP3+ Treg cells 

exhibit higher levels of SLC1A5 expression than CD4+ CD25- FoxP3- T cells from the same 

donors (Figure 5-20). We observed this trend not only in healthy blood donors but also in 

lymph nodes obtained from metastatic melanoma patients (Figure 5-20). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 5-20. CD4+ CD25+ FoxP3+ cells from healthy blood and metastatic melanoma 
lymph nodes demonstrate enriched SLC1A5 expression 
PBMCs from healthy blood donors (top panel) and single cell suspensions from primary 
human metastatic melanoma lymph nodes (bottom panel) were stained with live/dead, anti-
human CD4, CD25 and FoxP3 antibodies and RD114-RBD mFc, and acquired by flow 
cytometry. 
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5.3. SLC1A5 expression in primary mouse and human tumours  

5.3.1. IDO-expressing mouse tumours upregulate SLC1A5 expression in vivo 

To extend our findings characterising the relationship between IDO/TDO-induced 

tryptophan depletion and SLC1A5 upregulation in human tumour cell lines in vitro 

(Chapters 3.1 and 4.1), we next tested whether IDO-expressing tumours upregulate 

SLC1A5 expression in vivo. To address this question, we used mouse EG7 thymoma cells 

transduced with lentiviral vectors encoding either murine IDO with a GFP reporter (EG7 

GFP IDO) or, as a control, GFP alone (EG7 GFP) (Silk et al., 2011). First, we confirmed 

that the transduced EG7 GFP and EG7 GFP IDO cells expressed GFP (Figure 5-21A), and 

that IDO expression conferred functional activity, as determined by the reduced 

tryptophan-to-kynurenine ratio (Figure 5-21B). Notably, tryptophan was virtually 

undetectable in the supernatant obtained from EG7 GFP IDO cells cultured for 72h (Figure 

5-21B), indicative of efficient enzymatic activity. Finally, we confirmed that EG7 cells 

expressed CD45.2 (Figure 5-21C), and injected the EG7 GFP and EG7 GFP IDO cell lines 

into B6.SJL-Ptprca (CD45.1) mice. Notably, when grown in vitro in normal tissue culture 

medium, which was changed daily to prevent IDO-mediated degradation of tryptophan in 

the culture medium, EG7 GFP IDO and EG7 GFP cells had similar expression levels of 

SLC1A5 (Figure 5-22A). However, when SLC1A5 transcription was assessed after 5 days 

of in vivo growth, EG7 GFP IDO tumours exhibited significantly higher levels of SLC1A5 

expression than the IDO-negative EG7 GFP tumours (Figure 5-22B). These findings 

demonstrate that SLC1A5 upregulation in tumours cells growing under tryptophan 

degradation conditions occurs not only in vitro, but, importantly, also in vivo. 
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Figure 5-21. IDO1-transduced EG7 tumour cells acquire GFP fluorescence and 
metabolise tryptophan into kynurenine 
(A) GFP fluorescence in untransduced WT EG7 cells and EG7 cells transduced with a 
lentiviral vector encoding either GFP alone (EG7 GFP) or mouse IDO linked via an IRES 
to GFP (EG7 GFP IDO). Samples were analysed by flow cytometry. (B) Supernatants were 
obtained from WT, GFP-transduced and IDO1-transduced EG7 cells cultured for 72h. 
Tryptophan and kynurenine concentrations were determined by HPLC. (C) WT EG7 cells 
were stained with anti-mouse CD45.2 antibody and acquired by flow cytometry. 
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Figure 5-22. IDO-expressing EG7 tumours exhibit upregulation of SLC1A5 
expression after 5 days of in vivo growth 
(A) GFP-transduced and IDO1-transduced EG7 cells were cultured in fully supplemented 
R10 medium, which was changed daily. Mouse IDO1 and SLC1A5 mRNA expression 
levels were analyzed by quantitative PCR at day 0 (before injection in vivo), and are shown 
as fold change in expression relative to Actb. Bars represent the mean ± SEM. (B) GFP-
transduced and IDO1-transduced EG7 cells were injected subcutaneously into B6.SJL-
Ptprca (CD45.1) mice. Tumours were harvested after 5 days, stained with anti-mouse 
CD45.2 antibody and sorted on the basis of CD45.2 expression. Mouse SLC1A5 mRNA 
expression levels were analyzed by quantitative PCR, and are shown as fold change in 
expression relative to Actb in EG7 GFP or EG7 GFP IDO cells at day 0. Bars represent the 
mean ± SEM.  
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5.3.2. SLC1A5 and IDO co-expression is observed in several primary human tumours 

Finally, we set out to investigate whether the association between tryptophan catabolism 

and SLC1A5 expression can be observed in primary human tumour samples. In line with 

the regulation of SLC1A5 expression by the ATF4 pathway, our in silico analysis of 

available RNA-seq data demonstrated that in a large proportion of human tumours, SLC1A5 

positively correlates with ATF4 expression (Figure 5-23). However, since ATF4 activation 

can occur in response to several stresses, including hypoxia/anoxia and nutrient deprivation 

(Ameri and Harris, 2008) (Figure 1-3), we assessed whether co-expression of SLC1A5 and 

ATF4 correlated with the upregulation of genes more relevant to catabolism of tryptophan 

in particular, such as tryptophanyl-tRNA synthetase WARS, which we have shown to be 

upregulated in IDO-expressing (Figures 3-2 and 3-3) and tryptophan-starved HeLa cells 

(Figure 5-9). The results of this analysis demonstrated a strong positive correlation 

between SLC1A5 and WARS expression in several tumours, particularly human liver 

hepatocellular carcinoma, ovarian serous cystadenocarcinoma, glioblastoma multiforme 

and brain lower grade glioma (Figure 5-23). Importantly, in these tumour types SLC1A5 

also correlated significantly with the expression of one or both of the tryptophan-degrading 

enzyme-encoding genes IDO1 and TDO2 (Figure 5-23), hence supporting our in vitro data 

describing the tryptophan shortage-induced SLC1A5 upregulation in IDO+ and TDO+ 

tumour cell lines (Chapters 3.1 and 4.1). 

5.3.3. SLC1A5 and IDO co-expression is associated with poor survival in brain lower 

grade glioma 

We next assessed the significance of SLC1A5 and IDO1 tumour expression for patient 

prognosis. We found that, in brain lower grade glioma, which exhibited a particularly 

strong positive correlation between SLC1A5 and IDO1 expression (Figure 5-23), high 

expression of SLC1A5 was significantly associated with decreased patient survival (Hazard 
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ratio = 0.40526; log-rank test p value = 0.00006) (Figure 5-24A). We also observed a 

similar association between survival and high IDO1 expression in this tumour type (Hazard 

ratio = 0.46179; log-rank test p value = 0.00053) (Figure 5-24B). Furthermore, patients 

with IDOhiSLC1A5lo lower grade gliomas survived significantly longer than those with 

IDOhiSLC1A5hi tumours (Hazard ratio = 0.49285; log-rank test p value = 0.01564), while 

IDOloSLC1A5lo tumours correlated with best prognosis (Figure 5-24C). These data 

highlight the clinical importance of IDO and SLC1A5 upregulation by human tumours such 

as brain lower grade glioma. 

 

 

 

 

 

 

 

 

Figure 5-23. Expression of SLC1A5 correlates with the expression of tryptophan-
degrading enzymes in primary human tumours 
Spearman’s rank correlation between SLC1A5 and WARS, TDO2, IDO1 or ATF4 gene 
expression in RNA-seq data of human liver hepatocellular carcinoma (LIHC), ovarian 
serous cystadenocarcinoma (OV), glioblastoma multiforme (GBM), brain lower grade 
glioma (LGG), uterine corpus endometrial carcinoma (UCEC), adrenocortical carcinoma 
(ACC), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), 
breast invasive carcinoma (BRCA) and kidney renal clear cell carcinoma (KIRC). The size 
of the circle indicates the significance of correlation. 
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Figure 5-24. High expression of SLC1A5 and IDO1 is associated with decreased 
survival in brain lower grade glioma 
(A) Kaplan-Meier curves comparing survival of patients with brain lower grade glioma 
tumours expressing high or low levels of SLC1A5 (p value = 0.00006). (B) Kaplan-Meier 
curves comparing survival of patients with brain lower grade glioma tumours expressing 
high or low levels of IDO1 (p value = 0.00053). (C) Kaplan-Meier curves comparing 
survival of patients with brain lower grade glioma tumours expressing high or low SLC1A5 
together with high or low levels of IDO1 (p value = 0.00005). High and low expression of 
SLC1A5 or IDO1 was defined as above and below median expression, respectively. 
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5.4. Discussion  

T cells are the major executors of the anti-tumour immune response, which is strongly 

hampered in the presence of tryptophan-degrading enzymes (Friberg et al., 2002; Ling et 

al., 2014; Muller et al., 2005; Muller et al., 2008; Opitz et al., 2011; Pilotte et al., 2012; 

Uyttenhove et al., 2003). Sensitivity of T cell proliferation to low tryptophan concentrations 

has been reported previously (Kudo et al., 2001; Munn et al., 2005; Silk et al., 2011; 

Uyttenhove et al., 2003). Consistently, we found that primary human T cell exposure to 

tryptophan-depleted microenvironment inhibited their proliferation. Specifically, this 

occurred at tryptophan concentrations ranging from 0µM to 5µM. Interestingly, as 

described in Chapter 4.1, tryptophan concentrations below 5µM also induce SLC1A5 

upregulation in tumour cells, which points to a coordinated cancer immune evasion 

mechanism designed to inhibit T cell proliferation, while simultaneously upregulating 

compensatory signaling events in cancer cells. 

Upon stimulation, T cells undergo extensive metabolic reprogramming to meet the 

increased energetic and biosynthetic demands of proliferating cells. This is reflected in the 

switch to anaerobic glycolysis (MacIver et al., 2013) and enhanced ability of activated T 

cells to transport amino acids like phenylalanine, leucine and glutamine (Carr et al., 2010; 

Nakaya et al., 2014; Sinclair et al., 2013). Furthermore, T cell activation is associated with 

upregulation of several amino acid transporters, including SLC7A5 (LAT1), SLC3A2 

(CD98hc), as well as glutamine transporters SLC38A1 (SNAT1), SLC38A2 (SNAT2) and 

SLC1A5, among others (Carr et al., 2010; Sinclair et al., 2013). We have extended these 

findings by showing that SLC1A5 expression in human T cells is reflective of the T cell 

activation status. Specifically, we have demonstrated that SLC1A5 expression in both 

conventional CD4+ and CD8+ T cells, as well as CD1d-restricted iNKT cells, is not only 

positively regulated by stimulation, but is also modulated by the strength of TCR 
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engagement with cognate peptide or lipid antigen, respectively. Although the coupling of 

amino acid transporter expression to T cell activation has been previously reported (Carr et 

al., 2010; Sinclair et al., 2013), the molecular mechanisms regulating this phenomenon are 

not completely understood. A number of transporters upregulated upon T cell activation has 

been shown to be controlled by the transcription factor c-Myc, including glucose 

transporters GLUT1 and GLUT3 and amino acid transporters SLC1A5, SLC38A1, 

SLC7A5 and SLC3A2, as well as several enzymes involved in glucose and glutamine 

metabolism (Wang et al., 2011). In line with these findings, c-Myc also correlates with the 

expression of some amino acid transporters during asymmetric T cell division, including 

SLC1A5 and SLC3A2, but not SLC1A3 (Verbist et al., 2016). On the other hand, others 

have reported that upregulation of SLC1A5 but not SLC38A1, SLC38A2, SLC7A5 or 

SLC3A2 in activated T cells depends on the TCR signaling complex containing the 

scaffold protein CARMA1 (Nakaya et al., 2014), which is predominantly found in T cells 

and is involved in NF-κB and JNK pathway activation (Blonska et al., 2007; Gaide et al., 

2002). CARMA1 appears to physically interact with SLC1A5 (Nakaya et al., 2014), 

however, the molecular mechanisms mediating SLC1A5 induction by this adaptor protein 

still remain unknown. So far, CARMA1 selectivity for SLC1A5 is also unexplained, and 

further research is required to improve our understanding of these issues. Notably, SLC1A5 

upregulation following T cell activation has been shown to be important for glutamine, 

leucine and glucose uptake, mTOR activity and the switch to anaerobic glycolysis in 

stimulated T cells (Nakaya et al., 2014). A similar phenotype has also been observed in T 

cells lacking SLC7A5 amino acid transporter (Sinclair et al., 2013), which is functionally 

coupled to SLC1A5 (Nicklin et al., 2009). These studies highlight the key role of amino 

acid transport in the activation-induced metabolic reprogramming required for optimal T 

cell function. 
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Strikingly, although T cells were able to upregulate SLC1A5 in a TCR- and CD28-

dependent manner, which could be mediated by c-Myc or CARMA1, based on previous 

findings (Nakaya et al., 2014; Wang et al., 2011), they failed to increase the levels of this 

amino acid transporter following tryptophan withdrawal, irrespectively of their activation 

status. Notably, this feature was not specific to MHC-restricted CD4+ and CD8+ T cells and 

also applied to CD1d-restricted iNKT cells. These findings highlight a key difference in the 

ability of tumour cells and T lymphocytes to adapt to tryptophan starvation. 

We have shown that tryptophan shortage-induced amino acid transporter reprogramming in 

tumour cells is dependent on the activation of the ATF4 stress response pathway (Chapter 

4.2). On the other hand, in addition to tryptophan-starved tumour cells, ATF4 activation 

could also be detected in T cells kept under low tryptophan conditions. Of note, in line with 

previous findings (Munn et al., 2005), this only occurred in activated but not resting T cells 

exposed to tryptophan deprivation. While the GCN2-ATF4 pathway is believed to mediate 

one of the major immunosuppressive effects of tryptophan catabolism – the induction of T 

cell proliferative arrest (Munn et al., 2005), very little is known about its effects on the 

amino acid transporter expression profile in T cells. Intriguingly, in tryptophan-starved T 

cells we observed a tailored ATF4-dependent transcriptional program, which differed from 

that of tumour cells exposed to low tryptophan microenvironment. We have confirmed that 

ATF4 pathway was functional in T cells, since tryptophan shortage was able to induce the 

expression of ATF4 target genes GPT2 (Hao et al., 2016; Igarashi et al., 2007) and ASNS 

(Siu et al., 2002) in activated T cells, consistent with previous studies (Sundrud et al., 

2009). In spite of this, ATF4 activation failed to trigger the transcription of ATF4-

dependent genes WARS (Han et al., 2013; Harding et al., 2003) and SLC1A5 in tryptophan-

starved T cells. The fact that tumour cell lines readily upregulated these transcripts, 

paralleled by robust ATF4 expression, highlights differential regulation of the ATF4-
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dependent tryptophan shortage compensatory mechanisms in tumour cells and T cells 

undergoing tryptophan starvation. How such differential regulation is mediated still 

remains unclear. One possibility is that ATF4 transcription factor fails to be efficiently 

recruited to the SLC1A5 gene in tryptophan-starved T cells (in contrast to tumour cells, as 

described in Chapter 4.2.5) due to increased methylation of the ATF4-recognition site. 

ATF4-mediated transcription of SLC1A5 could also be inhibited by a transcriptional 

repressor, such as FIAT (St-Arnaud et al., 2010) or DISC (Malavasi et al., 2012), or lack of 

epigenetic mechanisms cooperating with ATF4 in ensuring efficient transcription of ATF4-

dependent genes, such as KDM4C-mediated H3K9 demethylation (Zhao et al., 2016). It 

would be insightful to compare the epigenetic landscape of SLC1A5 promoter following 

tryptophan deficiency-induced ATF4 activation in tumour cells and T cells and perform 

further ATF4 ChIP studies to address these possibilities. Furthermore, it has been 

previously reported in the context of another amino acid transporter, SNAT2, that ATF4 

binding to the C/EBP-ATF composite site of the target gene can occur without stimulation 

of transcriptional activity (Gjymishka et al., 2008). The authors describe a repressive signal 

downstream of ATF4 binding to SNAT2 promoter, which inhibits SNAT2 transcription in 

response to the unfolded protein response.	
   It is possible that a similar mechanism may 

account for the lack of SLC1A5 upregulation in tryptophan-starved T cells, and further 

research is required to test this hypothesis. Moreover, others have proposed that ATF4-

induced transcription factors themselves, such as HOXB9, could act as negative regulators 

of T cell amino acid starvation response (Hayashi et al., 2016). Although we could detect 

HOXB9 upregulation in both tumour cells and T cells undergoing tryptophan starvation, 

which is inconsistent with the hypothesis that HOXB9 could prevent the changes in amino 

acid transporter profiling occurring under low tryptophan conditions, this transcription 

factor may still play an important role in nutritional stress, which is yet to be elucidated. 



	
  
186 

Consistent with the reported upregulation of SLC1A5 and other amino acid transporters in 

transformed versus normal cells (Fuchs and Bode, 2005), our in vitro experiments 

demonstrated abundant SLC1A5 expression in human tumour cell lines. Furthermore, 

although T cells upregulated SLC1A5 upon activation, under tryptophan deprivation 

conditions SLC1A5 expression was still significantly higher in tumour cells compared to T 

cells, even when the latter were given such a potent activation stimulus as treatment with 

αCD3/CD28 antibodies. Moreover, based on our finding that SLC1A5 expression in T cells 

is dependent on the strength of TCR engagement, it is very unlikely that in vivo, upon 

physiological levels of cognate MHC-peptide recognition, the levels of SLC1A5 

upregulation in antigen-specific T cells can reach those induced by αCD3/CD28 antibodies. 

In line with this hypothesis, our ex vivo analysis of primary human renal cell carcinoma 

samples suggested that it is the tumour/stromal cells that represent the main exploiters of 

SLC1A5 upregulation strategies, while tumour-infiltrating CD8+ T cells express low levels 

of SLC1A5. These data are consistent with the concepts of poor immunogenicity of tumour 

antigens and T cell anergy in cancer. On the other hand, we found that Treg cells from both 

healthy blood and cancer patient samples exhibited enhanced SLC1A5 expression. 

Interestingly, IDO-expressing tumours are often associated with increased Treg cell 

infiltration (Curti et al., 2007b; Liu et al., 2014; Nakamura et al., 2007; Spranger et al., 

2013; Witkiewicz et al., 2009a; Yu et al., 2011), yet it remains largely unknown how this 

immunosuppressive population of T cells remains resistant to the local tryptophan 

depletion, which exerts detrimental effects on effector T cells, as demonstrated by our and 

other studies (Kudo et al., 2001; Munn et al., 1999; Munn et al., 2005; Silk et al., 2011). 

Although we have not assessed the ability of Treg cells to modulate their amino acid 

transporter expression profile upon tryptophan deprivation, the enriched basal levels of 

SLC1A5 expression that we observed in these cells under amino acid-sufficient conditions 
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suggest that Treg cells may exploit similar tryptophan shortage compensatory mechanisms 

to those of tumour cells. Notably, we found that both tumour cells and T cells rely on 

SLC1A5 for efficient amino acid import, as evidenced by the sensitivity of mTOR 

signaling to the pharmacological blockade of SLC1A5 in both tumour cells (Chapter 3.3) 

and activated T cells (Chapter 5.1). These data are consistent with the impaired activation-

induced mTOR signaling reported in T cells lacking SLC1A5 (Nakaya et al., 2014), 

SLC7A5 (Sinclair et al., 2013) or CARMA1 (Hamilton et al., 2014) – an adaptor protein 

responsible for SLC1A5 upregulation in stimulated T cells (Nakaya et al., 2014). Hence, in 

the tumour microenvironment where the availability of tryptophan is restricted by the 

expression of tryptophan-degrading enzymes, SLC1A5 enrichment may allow tumour cells 

and Treg cells to efficiently compete for this essential amino acid. On the other hand, low 

levels of SLC1A5 expression in tumour-specific effector T cells, in combination with their 

inability to upregulate the appropriate amino acid transporters under low tryptophan 

conditions, may put these cells at a competitive disadvantage, compromising their function 

and thus contributing to further establishment of immunological tolerance. In line with 

these speculations, it has been recently shown that efficient metabolism is essential for the 

T cell anti-tumour effector function (Chang et al., 2015). 

Moreover, our experiments demonstrated that IDO-inducing stimuli in the tumour 

microenvironment, such as PGE2 and IFNγ, can upregulate SLC1A5 expression in primary 

human MoDCs. Although further studies are required to dissect the role of SLC1A5 in DC 

maturation and function, our initial observations have further extended the link between 

tryptophan catabolism and amino acid transporter expression from tumour cells to IDO-

competent APCs. In addition, we reported that activated iNKT cells, which are one of the 

major producers of IFNγ in the tumour microenvironment, also induced MoDCs to express 

IDO and SLC1A5. One can speculate that activated iNKT/conventional T cells may exert 
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similar effects on tumour cells (as well as tumour-associated myeloid cells) through IFNγ 

secretion, based on our findings that IFNγ acts as a potent inducer of IDO activity and 

amino acid transporter upregulation in tumour cells (Chapter 3.1). Such speculations would 

suggest that tumour-mediated activation of tryptophan-shortage compensatory mechanisms, 

such as upregulation of SLC1A5, may occur as a consequence of tumour-specific T cell 

infiltration. This hypothesis is consistent with the previously reported causative relationship 

between the immune pressure imposed on tumour cells by CD8+ T cells and IDO induction 

in melanoma (Spranger et al., 2013), which suggests that tumour immune escape can be 

driven not only by cancer-specific pathways but also by the immune system itself. 

Finally, we have extended our in vitro findings in human tumour cell lines by 

demonstrating that SLC1A5 upregulation can be observed in IDO-expressing mouse 

tumours growing in vivo under conditions of IDO-mediated tryptophan degradation. In 

addition, we have identified a positive correlation between IDO1 and SLC1A5 expression 

in several primary human tumours in silico, and demonstrated that such associations can be 

clinical important. In brain lower grade glioma, for example, we found that co-expression 

of IDO1 and SLC1A5 was significantly associated with decreased patient survival. Our 

observations complement previous studies, which have proposed high SLC1A5 expression 

as a marker of poor prognosis in MYCN-driven neuroblastoma (Ren et al., 2015), non-

small cell lung cancer (Hassanein et al., 2015; Shimizu et al., 2014), breast cancer (Jeon et 

al., 2015), tongue cancer (Toyoda et al., 2014) and renal cell carcinoma (Liu et al., 2015). 

Our results also highlight the potential of using both SLC1A5 and IDO1 expression as 

prognostic biomarkers. 

Collectively, our findings shed light on the biology of SLC1A5 expression in the resident 

cells of the tumour microenvironment, as well as primary mouse and human tumours, and 
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highlight the dichotomy between tumour cells and T cells in their ability to adapt to a low 

tryptophan microenvironment.  
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Final Summary 
It has been known for more than 10 years that many tumours express tryptophan-degrading 

enzymes to suppress T cell activity in the tumour microenvironment. However, the 

mechanisms that allow tumour cells to resist the detrimental effects of local tryptophan 

depletion have so far remained elusive. This study aimed to address the hypothesis that 

tumour cells can adapt to a low tryptophan microenvironment through upregulation of their 

amino acid transport capacity. In summary, our results have demonstrated that shortage of 

tryptophan, induced by the expression of tryptophan-degrading enzymes IDO and TDO, 

initiates ATF4-dependent reprogramming of several amino acid transporter expression in 

tumour cells, including SLC1A5 and its truncated isoforms, which allows improved 

glutamine and tryptophan import into tumour cells. This previously unappreciated link 

between tryptophan catabolism and SLC1A5 expression can be observed not only in 

tumour cell lines in vitro, but also in primary mouse tumours in vivo and several primary 

human tumours in silico. Importantly, knockdown of SLC1A5 prevents optimal tumour cell 

proliferation under low tryptophan conditions, highlighting the key role of amino acid 

transport in tumour cell adaptation to nutritional stress. In contrast to tumour cells, both 

MHC- and CD1d-restricted human T cells fail to enhance SLC1A5 expression in response 

to tryptophan shortage, yet can upregulate it to some extent depending on the strength of 

cognate antigen TCR engagement. On the other hand, Treg cells and IDO-competent DCs 

exhibit enriched levels of SLC1A5, which is consistent with the ability of these cells to 

thrive in a tryptophan-depleted microenvironment.  

In a tumour microenvironment where essential nutrients are scarce, such as in the case of 

an IDO/TDO-expressing tumour, cancer and immune cells’ capacity for metabolic 

reprogramming may play a crucial role in the fate of tumour progression. It is clear that 
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tumour cells are able to initiate an efficient ATF4-dependent transcriptional program, 

which leads to the activation of compensatory mechanisms facilitating cell survival under 

conditions of nutritional stress. We have described SLC1A5 upregulation as one of such 

mechanisms; however, additional experiments are needed to assess the involvement of 

other potentially important tryptophan shortage compensatory strategies, such as WARS-

mediated tryptophanyl-tRNA stock repletion and upregulation of enzymes involved in 

amino acid biosynthesis, as well as the specific roles of other amino acid transporters 

highly upregulated in IDO-expressing tumour cells in addition to SLC1A5 – SLC7A11 and 

SLC1A4. Given the roles of these proteins in cystine and glutamate transport, respectively, 

as well as the reported roles of cysteine-derived reducing agent glutathione and glutamate 

oncogenic signaling in the facilitation of tumour growth (Hu et al., 2014; Ishimoto et al., 

2011), it would be insightful to determine the importance of these processes under 

conditions of IDO- and TDO-mediated tryptophan degradation. Notably, dissecting such 

pathways could provide novel therapeutic opportunities. It would be equally important to 

address the dichotomy between tumour cells and T cells in their ability to adapt to a low 

tryptophan microenvironment, as failure to employ the appropriate tryptophan shortage 

compensatory mechanisms may challenge T cell capacity to maintain metabolic 

homeostasis and mount an efficient anti-tumour immune response under conditions of 

tumour-imposed metabolic restriction. We speculate that the mechanisms underlying 

variable SLC1A5 expression in tumour cells and T cells undergoing tryptophan starvation 

may involve differential epigenetic regulation of ATF4-dependent transcription in these 

two cell types, and future studies are warranted to address this hypothesis. Furthermore, it 

also remains to be determined whether other resident cells of the tumour 

microenvironment, including Treg cells, tumour-associated myeloid cells, fibroblasts and 

stromal cells, all of which can contribute to immunological tolerance, are also able to 



	
  
192 

modulate their amino acid transporter expression profile in response to tryptophan 

deprivation, or whether such strategies are specific to tumour cells.  

Finally, the results of our studies have the potential to aid in the development of novel 

therapeutic strategies for the treatment of cancer, such as targeting SLC1A5 in tumours 

expressing tryptophan-degrading enzymes IDO or TDO. Notably, such strategies would 

need to consider the importance of SLC1A5-mediated amino acid transport for optimal T 

cell function (Nakaya et al., 2014), and so would benefit from cancer cell-specific 

inhibition of SLC1A5 using antibody drug conjugates, for example. Furthermore, the 

inability of T cells to exploit strategies that can help compensate for tryptophan depletion in 

the tumour microenvironment may also be relevant in the context of cancer 

immunotherapies, as T cells expressing chimeric antigen receptors (CARs) have been 

reported to be susceptible to the immunosuppression mediated by tumour-derived IDO 

(Ninomiya et al., 2015). Thus, incorporating the capacity to upregulate the appropriate 

amino acid transporters as well as other potential tryptophan shortage compensatory 

mechanisms into CAR T cell design may improve the efficacy of such therapies. Lastly, 

our results demonstrating the clinical importance of IDO1 and SLC1A5 co-expression in 

brain lower grade glioma suggest that these genes could be exploited as prognostic 

biomarkers in this and possibly other cancer types. 

In conclusion, our studies provide insights into the mechanisms that allow tumour cells but 

not T cells to withstand local tryptophan depletion in the tumour microenvironment and 

highlight the previously unappreciated role of amino acid transport in IDO- and TDO-

mediated immune escape. 
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Appendix 

Appendix I  Map of pHR-SIN-IRES-GFP expression vector  

 

 

 
 

LTR     Long terminal repeat  
Ψ    Packaging signal sequence 
RRE     Rev-responsive element  
cPPT    Central polypurine tract 
SFFV prom.   Spleen focus-forming virus promoter 
IRES     Internal ribosome entry site 
GFP     Green fluorescent protein 
WPRE   Woodchuck provirus response element 
LTR/∆U3   Transcriptional activator of HIV  
 

pHR-SIN-IRES-GFP expression vector contains an SFFV and IRES driving the expression 
of GFP as a reporter gene. Inserts can be cloned between the BamHI and XhoI restriction 
sites downstream of the SFFV promoter (Demaison et al., 2002).  
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LTR/ΔU3
cPPT
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780bp
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prom.Ψ

NruI NotI

NheI XbaI

XhoI NotI ClaIBstEII

EcoRI BamHI ClaI KpnI

ClaI (methylated)

XbaI fragment is about 1100bp and 8600bp.

NheI fragment is about 2200bp and 7500bp.
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Appendix II  Map of pHR-SIN-mCherry expression vector  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
LTR     Long terminal repeat  
Ψ    Packaging signal sequence 
RRE     Rev-responsive element  
cPPT    Central polypurine tract 
SFFV prom.   Spleen focus-forming virus promoter 
mCherry    mCherry red fluorescent protein 
WPRE   Woodchuck provirus response element 
LTR/∆U3   Transcriptional activator of HIV  
 
 
pHR-SIN-mCherry expression vector contains an SFFV driving the expression of mCherry 
as a reporter gene. Inserts can be cloned between the MluI and BamHI restriction sites 
downstream of the SFFV promoter (Demaison et al., 2002).  
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XbaI fragment is about 1100bp and 8600bp.

NheI fragment is about 2200bp and 7500bp.
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