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Prologue 

In a galaxy far, far away…. 

 

The great expanse of the universe has coalesced over billions of years to form planet Earth. 

Although the exact origins of life are unknown, most evolutionary scientists believe abiogenesis 

began between 3.77 and 4.28 billion years ago in submarine hydrothermal vents. Not long after 

oceans formed, pieces of bioorganic pathways emerged – carbonaceous material, sulfur, 

phosphorus, and other elements contacted each other to create microfossils – producing the first 

evidence of life on Earth. 

There are many origin-of-life hypotheses. Some put the synthesis of amino acids, the 

building blocks of modern proteins, first. Others believe we live in an RNA world. And some place 

special emphasis on metabolism, suggesting self-sustaining and self-initiating catalysis is the 

precursor to organized self-replication. Amidst them all is a genetic record which shows that 

among the first metabolic processes was the catabolism of tryptophan into kynurenine.  

 It seems improbable that a simple, catabolic intermediate like kynurenine could serve as a 

common thread between the fictional dystopia of Margaret Atwood’s The Handmaid’s Tale, the 

genetic divergence of plants from other eukaryotes, the evolution of Homo sapiens from 

Neanderthals, or the cancer diagnosis of a loved one – but this small molecule is one of a kind. 

Together we will explore kynurenine, its role in tumor immunity, and how the depletion of this 

ancient molecule can serve as a novel approach to cancer treatment. 
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Abstract 

The Force Awakens: 

Exploring and Translating the Role of Kynurenine in Tumor Tolerance 

 

Norah Elizabeth Ashoura, Ph.D. 

The University of Texas at Austin, 2020 

Supervisors: George Georgiou and Everett Stone 

 

Cancer is a critical public health issue in the United States and immunotherapy has emerged 

as a breakthrough in providing innovative care to patients. Many cancers evade immune detection 

by altering the ratio of serum L-tryptophan (L-Trp) to L-kynurenine (L-Kyn), an intermediate in 

tryptophan catabolism that inhibits antitumoral immunity. Earlier, the Georgiou lab demonstrated 

that administration of P. fluorescens kynureninase (PfKYNU) results in systematic L-Kyn 

depletion, thereby relieving immune suppression and inhibiting in vivo tumor progression. 

However, PfKYNU has low amino acid identity to the native human kynureninase enzyme, and is 

likely to be immunogenic, and therefore unsuitable for human therapy. Unfortunately, the human 

kynureninase (HsKYNU) has poor catalytic activity for the hydrolysis of L-kynurenine. In the first 

part of this dissertation, I describe my engineering efforts of the Mucilaginibacter paludis 

kynureninase (MpKYNU), which has higher homology to the human enzyme. In parallel, I 

performed in vitro studies to gain insight into how L-Kyn affects T cells and specifically how it 

creates immunosuppression through the induction of non-classical regulatory T cells, thereby 

contributing to a critical gap of knowledge in the field while advancing our understanding of 

KYNU’s therapeutic efficacy. 
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Chapter 1 : Introduction 

1.1 Project Summary 

 The work presented in this dissertation aimed to explore various facets pertaining to a novel 

treatment strategy for cancer patients that depletes L-kynurenine from the tumor microenvironment 

and uncover how this treatment promotes a robust, native, anti-tumor response by the immune 

system. Chapter 1 provides a comprehensive review of the kynurenine pathway, kynurenine as a 

signaling molecule in the human body, and kynurenine’s potential as an immunotherapy target. 

Chapter 2 summarizes the optimization of the enzyme kynureninase to improve its degradation of 

L-kynurenine for use as an enzymatic immunotherapy in cancer. And, finally, Chapter 3 explores 

the molecular consequences of kynurenine on T cells, and why its depletion can help reawaken the 

immune system against cancer.  

1.2 The Evolution of the Kynurenine Pathway 

 The kynurenine pathway (KP) is a metabolic process that catabolizes the essential amino 

acid L-tryptophan (L-Trp) and converts it into nicotinamide adenine dinucleotide (NAD+), which 

is a necessary cofactor for cellular electron transport. NAD+ has many roles in the cell1. As a 

result, a de novo biosynthesis pathway must exist in addition to salvage pathways to meet cellular 

demand2,3.  Living cells have essentially two options for the de novo production of NAD+: the 

aspartate pathway4 and the kynurenine pathway5.  

 The aspartate pathway is conserved in all Archaea, some Bacteria, and in a limited subset 

of Eukaryotes, including diatoms, green algae, and land plants, specifically 6. Phylogenetic analysis 

reveals that the last common eukaryotic ancestor used the kynurenine pathway to synthesize 

NAD+ and that through the endosymbiosis of cyanobacterium in an early eukaryotic progenitor, 

photosynthetic organisms gained the aspartate pathway6. Through billions of years of genetic drift, 

the kynurenine pathway was dropped from photosynthetic eukaryotes7 in favor of the aspartate 
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pathway, suggesting it was more compatible with chloroplasts (formally an endosymbiotic 

cyanobacterium) 1. 

 Alternatively, the kynurenine pathway is conserved in some Bacteria and all other 

Eukaryotes, including animals and fungi2. Kynurenine (L-Kyn) was first discovered as early as 

18538 in dog urine, but it was first characterized in its modern context as a tryptophan catabolite 

by Professor Kotake of Osaka, Japan in the 1930s, when he observed that rabbits fed tryptophan 

would then have kynurenine in their urine9.  

Tryptophan is one of nine essential amino acids for humans, meaning it must be consumed 

to be utilized by the body10. It is estimated that more than 90% of all cellular tryptophan is shunted 

through the kynurenine pathway for conversion into co-factor NAD+11. Enzymes of the 

kynurenine pathway are expressed in various mucosal tissues, i.e. the small intestine, lungs, genital 

tract, colon, placenta, and certain cell types, including immune cells and neuronal cells12 . The 

other 10% of tryptophan is processed through the serotonin pathway13,14. Less than 1% of all 

ingested L-Trp is used for protein synthesis15.  

The two main pathways of tryptophan catabolism are summarized in Figure 1.1 and 1.2.  
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Figure 1.1. The Kynurenine Pathway 
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In the 1960s, scientists began characterizing the enzymes of the mammalian kynurenine 

pathway used to breakdown L-tryptophan. The first step of the kynurenine pathway is also the rate-

limiting step: indoleamine-2,3-dioxygenase (IDO) or tryptophan-2,3-dioxygenase (TDO) cleaves 

L-Trp to form N-formylkynurenine16–20. N-formylkynurenine is then quickly hydrolyzed and 

rearranged by kynurenine formamidase (KFA) to create the first stable intermediate of the 

pathway, kynurenine. Kynurenine then acts as a relatively stable intermediate with three possible 

fates11,13: 

1. Transamination to kynurenic acid (KynA) by kynurenine aminotransferase (KAT) 

2. Hydroxylation to 3-hydroxykynurenine (3-HK) by kynurenine monooxygenase (KMO) 

3. Degradation to anthranilic acid (AA) and L-Alanine (L-Ala) by kynureninase (KYNU)  

From there, the KMO and KYNU routes of the pathway converge on 3-hyroxyanthranilic 

acid (3-HAA), which is then converted into picolinic acid or quinolinic acid (QUIN), the 

precursors to NAD+.  

Figure 1.2. The Serotonin Pathway, abridged. 
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With a greater understanding of the kynurenine pathway, scientists across a myriad of 

fields began studying the implications of this pathway’s precursors, intermediates, and products in 

the context of human health21. It began with neurological research, as several kynurenine pathway 

intermediates were known to be neuroactive21. As early as 1983, differences were reported in the 

ratio of kynurenine to tryptophan in the cerebrospinal fluid of healthy versus epileptic patients 22. 

Other early, neurological studies where an increase in the L-Kyn/L-Trp ratio (K/T ratio) was 

observed include multiple sclerosis (MS)23, schizophrenia24,25, Huntington’s disease26–28, eating 

disorders29 and amyotrophic lateral sclerosis (ALS)26,30. With the AIDS crisis of the late 1980s 

came a flood of studies interrogating the relationship between tryptophan, and its catabolites, in 

HIV infection31–36. As early as 1991, studies of tryptophan in cancer patients showed concentration 

differences pre-and post-operation37. 

However, it would be twenty more years before the unique role of L-kynurenine in cancer 

would become fully appreciated. In 2011, it was observed that L-kynurenine is an endogenous 

ligand of the aryl hydrocarbon receptor (AHR) that acts as a tumor-promoting signal38.  Since then, 

the investigation of L-Kyn as a unique and powerful signaling molecule has expanded across many 

disciplines to reveal kynurenine as a broadly significant metabolite in immunology.  
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1.3 Kynurenine as a Cellular Signal 

 In humans, kynurenine is critical to a variety of immunoregulation tasks, primarily as an 

endogenous ligand for AHR.  

 AHR is an 848 amino acid (aa), ligand-activated transcription factor that acts on several 

genes but is most closely associated with the induction of the Cyp1a1 gene, which codes for 

cytochrome P450, a NAD(P)H reductase39,40. AHR is a basic helix-loop-helix (bHLH), Per-Arnt-

Sim (PAS)-containing transcription factor41,42 that exists in the cytosol bound to the following 

chaperone proteins: two molecules of heat shock protein 90 (hsp90), the X-associated protein 2 

(XAP2) and cochaperone p2343,44. A comprehensive structure of AHR does not exist, potentially 

due to its intrinsically disordered nature, but partial structures of its PAS domain are available42. 

One binding event between AHR and its target DNA is summarized below in Figure 1.3.  

 

Figure 1.3. Partial Crystal 

Structure of the Aryl Hydrocarbon 

Receptor 

The dimerization of AHR and the 

aryl hydrocarbon nuclear translocator 

(ARNT) encompassing the bHLH 

and PAS-A domains, in complex 

with target DNA110. The 

AHR/ARNT complex acts as a 

transcription factor for specific 

regions of DNA, i.e. dioxin 

responsive elements (DRE) shown 

above. This crystal structure shows 

extensive asymmetry and 

heterodimerization interfaces. The 

complete structure of AHR is yet to 

be independently resolved, but other 

studies confirm that different AHR 

ligands create different AHR/ARNT 

conformations293,294. 
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 In the cytosol, AHR exists as a multi-protein complex44 that shields it from unintended, 

molecular interactions. However, once the AHR binds to a ligand, a sequence of molecular events 

begins to domino. First, AHR undergoes conformational changes that allow dissociation from its 

cytosolic chaperones and expose its nuclear translocation sequence. This then allows the AHR 

nuclear translocator protein (ARNT) to bind to that translocation sequence, dimerize with the 

ligand-AHR complex, and localize the complex to the nucleus45. Here, it interacts with certain 

regions of the DNA – termed xenobiotic responsive elements – and induces transcriptional 

changes, such as Cyp1a1 and Cyp1b1, which encode for the cytochrome P450 protein.   

The most potent inducers of AHR are generally classified as toxic environmental pollutants 

including halogenated aromatic hydrocarbons, most notably, 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD or “dioxin”), dibenzofurans and biphenyls, indolocarbazole, and polycyclic aromatic 

hydrocarbons (PAHs, i.e. benzoflavone)46. Many of these compounds are the result of 

anthropogenic activity and are associated with the burning of carbon-based material. While AHR 

binds to many types of compounds, it is hypothesized that its evolution in early Homo sapiens was 

guided by processing the toxic compounds emitted by fire 47.  

Nowadays, these ligands can be found as the byproducts of various human activities. For 

example, PAHs are found in natural carbonaceous material, but are only emitted as pollutants 

through combustion48, i.e. the burning of fossil fuels49, biofuels, wood-burning, crop burning50, 

and wildfires51. In fact, residential and commercial biomass burning accounts for 60% of all global 

PAH emissions48. Halogenated aromatic hydrocarbons are used for everything from fungicides, to 

industrial catalysts in the textile industry, solvents, and anti-infectives for hospital equipment52. 

Dioxin is the ligand most classically associated with AHR, and one of the most acutely toxic AHR 

ligands53. It is produced during herbicide manufacturing, was used as a chemical weapon during 
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the Vietnam War (Agent Orange)54, and it is routinely produced during the incineration of waste, 

metal production and fossil fuel combustion55. And, while acute human exposure to PAHs, dioxin, 

and other toxic AHR ligands are rare and vary across the world, communities in more densely 

populated and environmentally deregulated areas are more likely to have significant lifetime 

exposure to these toxic compounds56.  

Naturally occurring ligands of AHR include indigo dye, prostaglandin G, low-density 

lipoproteins, dietary carotenoids, and kynurenine. AHR ligands are structurally diverse, widely 

divergent in context/origin, and lend themselves to our understanding of AHR as an enigmatic and 

promiscuous receptor.57 A sampling of endogenous and exogenous AHR ligands is shown in 

Figure 1.4.  

 

 

Figure 1.4. The Diversity of AHR Ligands. Exogenous ligands, such as dioxin, naphthalene, and indigo dye 

were among the first AHR agonists confirmed. The discovery of endogenous ligands, including L-kynurenine, ITE 

(produced in the gut), and FICZ (produced in response to oxidative stress or photooxidation), expanded the 

understanding of AHR interactions in the human body.  
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Before the field’s understanding of endogenous ligand-binding to AHR, it was 

hypothesized that the effects of L-Trp metabolic dysregulation in disease progression, i.e. cancer, 

was solely due to the unavailability of free L-Trp – essentially a cell starvation hypothesis. 

However, there is now ample evidence to support not only the existence of endogenous ligands to 

AHR, but that they can independently induce cellular changes independent of L-Trp.  

1.4 The Kynurenine Pathway in the Human Body – Head to Toe  

  The various immunoregulatory roles of L- kynurenine, some directly related to its status as 

an AHR ligand, others related to the broader dysregulation of its catabolism, demonstrate the 

ubiquitous role of this metabolite on the human body. Due to the diversity of its roles, the many 

fates of kynurenine in the body will be characterized into the niches of the dedicated scientists that 

study this metabolite. The wide breadth of this research demonstrates the importance of this 

pathway to human health, and the value of each field in uncovering more information as to how 

kynurenine influences cells. 

Kynurenine in Neurodegenerative Disease58–60 

 The first metabolic data interrogating kynurenine’s role in human disease was collected in 

neurodegenerative disease (ND). The kynurenine pathway’s role in neurological disease 

progression begins with its influence over inflammation state. Inflammation in the brain 

accompanies many neurodegenerative and psychiatric diseases. Kynurenine dysregulation 

influences neuroinflammation in epilepsy 61,62, Alzheimer’s Disease (AD)63–65, Parkinson’s 

Disease (PD)66–69, Multiple Sclerosis (MS)70–72, and Huntington’s Disease (HD)28,59,73–75.  

 Studies in epilepsy76, AD77,78, PD66,79,80, and HD81 patients reveal a cytokine signature 

correlated to KP dysregulation, including altered levels of tumor necrosis factor alpha (TNFα), 
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interleukin-1 beta (IL-1β), IL-2, IL-4, IL-6, IL-8, and IL-10. Epilepsy62,82, Parkinson’s67,68, and 

Huntington’s Disease81 also exhibit increased kynurenine to tryptophan (K/T) ratios in serum, 

signaling an increase of flux through the kynurenine pathway. In fact, in Huntington’s Disease, 

elevated K/T ratio is directly correlated to disease severity and the intensity of genetic abnormality 

(# of CAG repeats)81. Moreover, abnormal K/T ratio and elevated IL-6 was observed in patients 

over 15 years before the onset of symptoms, making kynurenine levels one of the earliest 

abnormalities in HD ever reported 81.  However, the influence of the KP is largely contextual and 

sometimes contradictory: some metabolites of tryptophan catabolism are associated with 

inflammation and some act immunosuppressive, some are neurotoxic, and others are 

neuroprotective60.  

 MS is an excellent example of this complexity. MS is a rare, chronic, demyelinating 

autoimmune disease of the CNS 83, with evidence suggesting that myelin-reactive T cells are the 

primary drivers of MS progression70,71,84. As early as 197985,  it was observed that L-Trp levels 

were lower in the plasma and cerebrospinal fluid (CSF) of MS patients86, suggesting higher 

tryptophan turnover. Downstream of L-Trp, kynurenic acid is reported to be lower during relapse 

and higher during remission87, with kynurenine flux skewed toward KMO catabolism, a metabolic 

signature shared by other neurodegenerative diseases. This increase in KMO activity results in 

higher amounts of neurotoxic QUIN, while simultaneously preventing the creation of 

neuroprotective KynA. However, L-Kyn, unlike its downstream metabolic relatives, suppresses 

the autoreactive T cells that instigate MS progression. IDO-/- mice exhibit worse MS symptoms 72 

and fail to produce protective regulatory T cells (Tregs), seemingly at odds with the way KP flux 

has been described to contribute to MS progression. Kynurenine, not flux through the kynurenine 

pathway, may help ameliorate the symptoms of neuroinflammation88.  
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Ultimately, the L-Kyn-AHR axis results in a suppressive phenotype in immune cells that 

can resolve inflammation. However, this does not account for the highly inflammatory and 

neurotoxic conditions stimulated by KP dysregulation in neurodegenerative disease. These effects 

are even more confounding when studying the role of kynurenine metabolism in psychiatric 

conditions. 

Kynurenine in Psychiatric Disorders 

 Mental disorders are difficult to unravel from a scientific standpoint, with metabolism 

acting as one piece of a very large, heterogenous pathophysiological puzzle. What is known is that 

many mental disorders, including depression, bipolar disorder, and schizophrenia, are categorized 

as mildly proinflammatory disorders in the brain. This classification makes pharmacological 

intervention and study more accessible.  

 In depression and depressive episodes of bipolar disorder, metabolic analyses from several 

cohort studies show that IDO levels are higher, KynA is lower, and L-Kyn and QUIN are elevated, 

which are all correlated to worsened psychiatric symptoms89–92. There’s also evidence to suggest 

that even within the kynurenine pathway, kynurenine is shunted preferentially through the KMO93, 

as it is in neurodegenerative diseases, supporting neuroinflammation. Moreover, elevated L-Trp 

turnover through the KP leaves less available tryptophan for serotonin production, skewing 

metabolism away from a critical mood stabilizing compound.  Ultimately, depressive patients 

display elevated K/T ratios and QUIN in the blood93–96 and exhibit a cytokine signature 

reminiscent of neurodegenerative diseases with kynurenine dysregulation: elevated levels of IL-1, 

IL-2, IL-6, TNFα, IFNγ, and decreased levels of IL-4 and IL-10. The cytokines elevated in these 

mood disorders indicate inflammation in the CNS97–99.  
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In contrast, schizophrenia shows an imbalanced IFNγ, IL-2/IL-2R, IL-4 and TNFα 

footprint, and a skew toward T helper-type 2 (Th2) T cells not observed in healthy controls100. 

Patients diagnosed with this disease exhibit elevated L-Kyn and KynA levels in their CSF101–104, 

elevated astrocytes’ TDO expression105, and clear favoritism for the KAT arm of the kynurenine 

pathway101–104. Interestingly, bipolar patients experience similar metabolic signatures in manic 

states or psychotic episodes106. While different psychiatric disorders can be characterized by 

certain imbalances, these imbalances become particularly difficult to manage with additional 

diseases.  

Patients already in an exhausted inflammatory state, i.e. Hepatitis C107 and cancer 

patients108 report feeling worse physically and mentally when INFα treatment is administered. This 

treatment stimulates their immune systems (to help combat their disease), but it also triggers an 

increase in flux through the kynurenine pathway by inducing IDO, resulting in higher K/T ratios. 

This excess kynurenine creates a build-up of neuroactive compounds in the brain (i.e. QUIN) that 

can worsen patients’ mental state107–109. 

 Although kynurenine metabolism greatly influences CNS health, its availability in the 

brain is closely tied to tryptophan catabolism elsewhere in the body. When trying to understand 

the effects of tryptophan metabolism, the origin of body-brain-immune system axis begins in the 

gut, where tryptophan utilization sets the tone for serotonin, NAD+, and L-kynurenine availability 

for the rest of the body.  
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Kynurenine in Gastrointestinal (GI) Homeostasis and Chronic Inflammatory Diseases 

Gut homeostasis is a crucial factor in human health. As an essential amino acid, 

tryptophan’s fate in the digestive tract influences tryptophan utilization everywhere else in the 

body. Once in the gut, tryptophan has three fates: kynurenine pathway catabolism in immune and 

epithelial cells via IDO1, or serotonin production in intestinal, enterochromaffin cells via TpH1, 

or consumption by gut-resident microbes which produce indole derivatives, which bind to AHR 

to promote immune tolerance110. Many microbes coevolved with the human body to create a 

symbiotic relationship that guides a fragile equilibrium, which – when disrupted – results in many 

diseases110.  

Indole derivatives like indole-3-aldehyde (IAld), indole-3-acetic acid (IAA), indole-3-

propionic acid (IPA), indole-3-acetylaldehyde (IAAld) and indole acrylic acid are all AHR ligands 

produced by gut microbial communities111,112. These indoles are critical for immune escape of 

microbes in the body’s mucosal surfaces, epithelial renewal, and creating feedback loops for 

Cyp1a1/AHR activation113,114. Microbes are essential for this homeostasis, as germ-free mice 

cannot produce these AHR ligands and are prone to gastrointestinal inflammation115.  

Dysregulation of tryptophan catabolism in the GI tract is observed in multiple deleterious, 

chronic conditions110, all of which carry an inflammatory signature. Inflammatory bowel disease 

(IBD), irritable bowel syndrome (IBS), ulcerative colitis (UC), Chron’s Disease (CD), and obesity 

all display disordered tryptophan metabolism.  

Inflammatory bowel disease displays an increase in IDO1 activity in the epithelium116 and 

in oxidative stress117 resulting in inflammation and distress in the digestive tract118. In fecal 

samples, patients with IBD showed elevated TNFα, IL-1β, IL-4, and IL-10 – all of which are 

markers associated with kynurenine dysregulation119. In UC and CD, a decrease in indole 
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derivatives in the serum has been reported. IDO1 is overactivated, serum tryptophan levels drop 

as much as 86%, and higher K/T ratios are directly correlated to disease severity110,119. Serotonin 

production also observably decreases, probably because more tryptophan is being shunted through 

the KP. Moreover, UC and CD show similar cytokine signatures in serum, with elevated IL-1β, 

IL-2, IL-6, and TNFα, matching the inflammatory motif of every other disease discussed thus 

far120. The role of tryptophan catabolism dysregulation in these various disorders is summarized 

in Figure 1.5, below.  

 

 
  

Figure 1.5. Tryptophan Catabolism Controls Gut Homeostasis. Shown above are the three major pathways of 

tryptophan metabolism in the gut, all of which are differentially affected in gastrointestinal diseases. Flux of 

tryptophan through these pathways is based on clinical data summarized in 2018295. The weight of each arrow 

indicates the activation/expression state of each pathway based on healthy basal levels. Thicker arrows indicate 

elevated flux and, therefore, greater dysregulation of tryptophan catabolism through that pathway. All GI diseases 

above display dysregulation through the kynurenine pathway via upregulation of IDO1. CD: Crohn’s Disease, 

UC: Ulcerative Colitis, IBS: Irritable Bowel Syndrome, MetS: Metabolic Syndrome, and IBD: Inflammatory 

Bowel Disease. Figure adapted165.  
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Kynurenine in Pregnancy and Fetal Tolerance  

 The womb is the chronological origin of tryptophan catabolism’s role in maintaining 

healthy, cellular function. After conception, embryos embed in the uterine lining, where a placenta 

forms to create a syncytium around a developing fetus121. The placenta protects the fetus from 

external threats, i.e. pathogens121, but also from internal threats, like activation of maternal 

immunity against the foreign antigens expressed by developing embryos, which are genetically 

distinct from their mothers by including paternal genetic material122.  

 In 1953, Sir Peter Medawar, the “father of transplantation” who first discovered acquired 

immunological tolerance, postulated that there are three, theoretical ways viable pregnancies can 

be maintained at the maternal-fetal interface 123: 

1. The mother and fetus are anatomically separated. 

2. The fetus is antigenically immature. 

3. The maternal immune system creates temporary immune tolerance.  

 In the late 1990s, Mellor and Munn put these theories to the test, after discovering certain 

immune cells, such as macrophages, tend to upregulate their IDO expression and consumption of 

tryptophan in response to inflammatory signals and T cell activation122. It was hypothesized that 

not only was Medawar’s third prediction the most likely cause of fetal maintenance, but that 

changes to tryptophan catabolism at the maternal-fetal interface is one of the mechanisms that 

protects from immunological fetal rejection.  

 This was tested by exposing pregnant mice to 1-methyl-tryptophan (1-MT), a 

pharmacological IDO inhibitor. In murine mating pairs, IDO transcripts in female mice are 

elevated in the placenta, but not in surrounding tissues (i.e. uterine lining). Moreover, when mice 

are mated and then treated with 1-MT, the production of kynurenine at the maternal-fetal interface 
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is inhibited, resulting in severe fetal rejection and internal hemorrhaging. The role of maternal 

immune cells was assessed by generating an allogenic mating pair with recombinant activating 

gene 1-deficient (RAG-/-) females, which prevents lymphocyte development. When maternal 

lymphocytes are absent, this mating pair produces healthy pregnancies and litter sizes, even with 

IDO inhibition, demonstrating that maternal lymphocytes are necessary for fetal rejection.  

 Importantly, conception is unaffected, but rather the maintenance of pregnancy, with 

inflammation observed in negatively affected female mice. Additionally, these experiments 

demonstrated that tolerance is T cell-mediated and ruled out the contribution of B cells because 

the effect of fetal rejection is seen too soon in pregnancy to implicate an antibody response. 

Maternal T cell function, it was concluded, accounts for the immunological link between 

tryptophan catabolism and maternal immune tolerance 122.  

 The Mellor and Munn paper was a critical breakthrough in the investigation of kynurenine-

mediated immunosuppression, but, at the time, there was no understanding of how that T cell 

tolerance was induced. In part, this was because kynurenine would not be described as an 

endogenous and suppressive AHR ligand in T cells for another decade. In fact, the 1998 Mellon 

and Munn article explicitly stated, “we have seen no evidence of an immunosuppressive metabolite 

produced by tryptophan catabolism”.  

It has been observed that K/T ratios change during different stages of pregnancy124. 

Pregnant women tend to have lower plasma L-Trp, with levels correlated to gestational age124. 

Even more telling is the information collected on women who cannot maintain a viable pregnancy. 

Twenty percent of all pregnancies end in miscarriage during the first 12 weeks, and women who 

suffer from spontaneous, recurrent miscarriages have lower plasma K/T ratios than pregnant 

women who carried to term124,125. Without IDO expression, the production of excess L-Kyn cannot 



17 

 

attenuate T cell activation at the maternal-fetal interface, resulting in premature, spontaneous and 

recurrent miscarriage. In murine studies, mice that suffer from miscarriage have lower levels of 

IDO expression in the placenta 124,125, and while IDO-/- mice breed normally, this is likely due to 

redundancies, like TDO126,127. It is important to note that AHR-/- murine mating pairs consistently 

yield smaller litter sizes and have difficulty maintaining pregnancies128.  

  The potential role of kynurenine becomes more convincing in light of multiple studies that 

show toxic AHR ligand exposure negatively correlates with reproductive health. For example, 

pregnancy loss, preterm birth, and induced abortion rates were elevated in a cohort of a thousand 

women exposed to dioxins (previously described as a toxic AHR ligand) in Yusho, Japan in 

1967129; and American veterans of the Vietnam War exposed to dioxin still display adverse effects 

and genetic changes observable in their children130.  

 The kynurenine pathway is both inadvertently and purposefully modulated to create a 

diverse range of physiological effects in the human body, particularly immune responses. It is no 

wonder, then, that it can also be exploited to create inappropriate immune escape in cancer.  

Kynurenine in Tumor Tolerance 

 It is now widely established 131–135 that a cancer cell’s metabolism is profoundly different 

from that of normal cells. To accommodate heightened proliferation and migration, cancer cells 

need to alter their metabolism and, in doing so, modulate the metabolic and inflammatory status 

of the tumor microenvironment (TME).  

 The notion that cancer cell metabolism is different from normal, healthy cells originates 

with the work of Otto Warburg in the 1920s136–138, when he observed cancerous cells consume an 

inordinate amount of glucose in comparison to surrounding cells. A critical consequence of this 

theory was a shift in perspective away from exclusively evaluating cancer cells’ intrinsic functions, 
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to a wider discussion of how the cellular changes in cancer influence and disadvantage surrounding 

tissue. By consuming more glucose from the tumor microenvironment, cancer cells deprive other 

cells of important nutrients and decrease local pH, both of which prevent proper immune cell 

activation against the tumor137. For decades, this theory was largely ignored139. Now, tumor 

metabolism is an essential area of study in cancer biology.  

The balance of amino acids is a major factor in altered tumor metabolism140–145*. Cancer 

cells fundamentally reprogram the way many amino acids are utilized and recycled, both through 

changes in consumption and through genetic abnormalities introduced to different amino acid 

pathways143. Unsurprisingly, dysregulated tryptophan catabolism plays a special role in the 

maintenance and progression of cancer 134. Many cancer histologies display an abnormal 

expression pattern of kynurenine pathway enzymes that negatively influence the tumor 

microenvironment, especially immune cells.  

IDO1, TDO and, to a lesser extent, IDO2 are abnormally expressed or activated in many 

human cancers134. IDO1 expression and/or activity is altered in 58% of all human tumor 

subtypes146, with the highest expression observed in cervical/endometrial carcinomas, followed by 

kidney, lung, and colon cancer. TDO, which catalyzes the same reaction of L-Trp to L-Kyn, is 

inappropriately expressed in gliomas, melanoma, ovarian and hepatic carcinomas, non-small-cell 

lung cancer (NSCLC), breast, bladder, and renal cancer146. These enzymes, when induced, are 

associated with poorer prognosis in patients147,148. Additionally, lower L-Trp levels and higher K/T 

ratios are observed in the serum of T cell leukemia149, colorectal cancer150,151, malignant 

gliomas152, and gynecological cancers148,153, suggesting increased L-Trp consumption by tumors. 

However, serum levels of kynurenine pathway metabolites are not typically reported, but that may 

indicate locally restricted elevations in the tumor microenvironment134. As IDO/TDO emerged as 
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cancer biomarkers, more studies focused on the specific molecular changes adopted by tumor cells 

dysregulating their L-Trp catabolism.  

 Cancer cells with abnormal IDO/TDO expression tend to display a promigratory, and 

therefore more metastatic, phenotype154,155. Studies conducted in gliomas156, breast157,158, and lung 

cancer155 show that IDO+ or TDO+ cancers metastasize more frequently in murine models, and that 

therapeutic intervention or IDO knockdowns alleviate tumor invasion into other tissues159. In 

addition to a promigratory phenotype, IDO/TDO expression in tumor cells changes the nature of 

NAD+ biosynthesis, the terminal product of the kynurenine pathway. Creating a NAD+ deficit 

through dysregulated L-Trp catabolism has disastrous consequences160. Without effective NAD+ 

biosynthesis, cellular responses to oxidative stress in gliomas are severely impaired161, which is 

particularly ruinous for patients that must undergo radio-chemotherapy as treatment162. In multiple 

cohorts, across various tumors, IDO/TDO expression correlates with poorer prognosis and lower 

survival rates in patients163,164.  

Aberrant IDO/TDO expression is also self-sustaining165 (Figure 1.6). When IDO is 

triggered in cancer cells, an autocrine signaling feedback loop is initiated. This phenomenon was 

first observed in lung and ovarian cancer cell lines in 2014165. IDO overexpression and/or activity 

in the tumor microenvironment results in more L-Trp and, importantly, elevated L-Kyn. L-Kyn 

binds to cancer cell-resident AHR, activating transcription of IL-6. Autocrine activation of the IL-

6 receptor (IL-6R) in cancer cells, in turn, activates Janus kinases (JAK), which then 

phosphorylates signal transducer and activator of transcription protein 3 (STAT3). Phosphorylated 

STAT3 dimerizes with acetylated STAT3 (acetylated by histone acetyltransferases, or HATs) and 

translocates to the nucleus. The resulting signal cascade directly promotes more IDO1 expression, 

more L-Trp turnover and more L-Kyn production 165. 
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The overproduction of L-Kyn may create intrinsic changes to cancer cells, but more 

importantly it affects the tumor microenvironment. Due to the excess, L-Kyn that is not processed 

via the kynurenine pathway or bound internally must go somewhere, so it exits tumor cells, and 

acts as a signal to surrounding immune cells to promote tumor tolerance (Figure 1.7).  

Figure 1.6. Dysregulation of Kynurenine Metabolism in Tumor Cells. Tryptophan dysregulation in tumor cells 

produces excess L-kynurenine that initiates an autocrine feedback loop in tumor cells that reinforces and elevates 

inappropriate IDO expression. Higher IDO expression reinforced through this loop results in greater tryptophan 

sequestration by tumor cells and more kynurenine to support the feedback.  
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 Dendritic cells (DCs) are crucial regulators of immune activation and immune privilege. 

Specializing as antigen-presenting cells (APCs) for T cell priming and differentiation166, they 

bridge innate and adaptive immunity with an arsenal of unique subsets. The IDO-Kyn-AHR axis 

directly influences the ability of DCs to coordinate effective immune activation167.  

 As early as 2003, it was suggested that IDO expression in DCs results in a tolerogenic 

phenotype, independent of L-Trp depletion, suggesting kynurenine production can interfere with 

DC stimulation168,169. When DCs, which express IDO and AHR, are exposed to elevated L-Kyn, 

an immunosuppressive feedback loop is initiated170,171: IFNγ is released in the tumor 

microenvironment by lymphocytes, which induces IDO transcription in DCs, causing higher L-

Kyn production from both tumor cells and APCs. Tumor-intrinsic feedback loops find a second 

home in immune cells, where tolerogenic DCs ineffectively prime T cells for infiltration, and 

instead create regulatory T cells (Tregs) and anergy in the TME171. DCs with elevated IDO 

Figure 1.7. Tumor Tolerance. Tumors alter cellular processes in many ways, but many result in immune signals 

that encourage anergy, cell death, and regulatory function in immune cells that would otherwise recognize aberrant 

tumor cells and target them for removal, i.e. through T cell cytotoxicity or complement activation.  
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expression have been shown to guide T cell differentiation from naïve CD4+ T cells towards IL-

10 producing Tregs and Th17 cells171,172.  

 Macrophages, another APC173, use the kynurenine pathway as a de novo NAD+ source. 

However, macrophages change their phenotype in response to IDO activation or excess 

kynurenine, with the KP acting as a kind of metabolic switch for macrophage function 174. IDO 

upregulation polarizes macrophages away from the M1 to the M2 subtype175–177. M1 macrophages 

are classically activated, i.e. by pathogenic material, to produce a proinflammatory immune 

response, releasing reactive oxygen species, nitric oxide, and high levels of inflammatory 

cytokines175,176. M2 macrophages, alternatively, are induced by other immune stimuli, i.e. 

cytokines, and are associated with wound healing and tissue repair, working to protect the host 

from excessive injury175. This dichotomy178 has clear implications for cancer, as M2 macrophage 

activation aids in tumor tolerance. For instance, tumor associated macrophages (TAMs) in 

glioblastoma with higher AHR activation (i.e. due to L-Kyn) are correlated with poorer prognosis 

and tend to be M2 polarized179. 

 AHR expression in B cells180 make them susceptible to the influence of AHR ligands, like 

L-Kyn, in the tumor microenvironment. Predictably, AHR activation by L-Kyn has a tolerogenic 

role in B cells. AHR ligands suppress IgM, IgG1, and IgE production, indicating that AHR 

activation may prohibit memory B cells from differentiating into plasma cells181. However, AHR 

is also required for optimal B cell proliferation180. One study showed that B cells with IDO 

knockdown (which would mitigate L-Kyn turnover) show a greater proclivity for immune 

activation182. This evidence suggests that manipulating tryptophan catabolism is an important 

regulator of B-cell mediated immunity, with implications for both vaccine development and 

autoimmunity research182.  
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 At the center of every immune response are T cells. Numerous T cell subtypes have been 

described, including effector cells, helper cells, long-term memory cells, and regulatory cells. Like 

the aforementioned immune subsets, T cells are also influenced by tryptophan dysregulation, 

which influences their antitumor immune functions.  

 T cells mature in the thymus before entering circulation as naïve T cells, waiting to 

encounter antigen (Ag), either directly or via an APC. Upon activation through the T cell receptor 

(TCR) and costimulatory molecules, such as CD28, a chain reaction is initiated that results in a 

fundamental shift in these T cells’ proliferation and differentiation. In naïve T cells, the tuberous 

sclerosis complex (TSC) enforces quiescence by regulating the mechanistic target of rapamycin 

(mTOR) pathway, to ensure strong signal activation before T cells remodel their intrinsic cellular 

functions183. Once TCR/CD28 dual activation signals are achieved, cellular metabolism changes 

in several ways (Figure 1.8).  

 

 

Figure 1.8. Metabolic Changes in Activated T Cells. The changes above are initiated by T cell stimulation and 

activation. Over time, these signals are balanced out by regulatory signals that resolve T cell immunity. TN: Naïve 

T Cell; Teff: Effector T Cells, TM: Memory T Cell. Figure adapted196. 
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Metabolic reprogramming makes up a large swath of these changes, which are intimately 

tied to the terminal differentiation of stimulated T cells 184,185.These changes are reinforced by 

alterations to IL-2 signaling, glucose transporters (i.e. GLUT1, which also mediates mineral 

transport of Ca2+, Mg2+, K+, and Fe2+), and expression of large neutral amino acid transporters 

(LATs), i.e. alanine-serine-cysteine and tryptophan transporter 2 (ASCT2), also known as soluble 

carrier family 1 member 5 (SLC1A5)183. TCR signaling also increases the expression of CD98, or 

LAT, which facilitates the import leucine, isoleucine, valine, and other amino acids183. Therefore, 

the accumulation and deprivation of certain amino acids in T cells informs a delicate balance in 

cell fate determination186,187.  

LATs also regulate the cellular intake of tryptophan and kynurenine. The role of tryptophan 

consumption and elevated kynurenine levels in tumor immune suppression has been the subject of 

debate. One hypothesis is that the tryptophan deficit created by cancer cells, essentially starves T 

cells of an amino acid, making it impossible to proliferate or activate against tumor cells. The 

second hypothesis postulates that elevated kynurenine levels, and not L-Trp depletion, accounts 

for immune suppression in the TME.  

The tryptophan starvation hypothesis is based on the observation that tryptophan 

consumption is increased in activated, naïve T cells. Tryptophan deprivation inhibits the expansion 

of T cells into effectors by arresting their proliferation in the G1 phase of the cell cycle188. Two 

genetic mechanisms guide this cell cycle arrest: activation of general control nonderepressible 2 

(GCN2) and inactivation of mTOR. 

The mTOR kinase pathway is sensitive to nutrient levels, i.e. amino acids like L-Trp. As 

stated above, a basal level of metabolic suppression exists in peripheral naïve T cells that is 

abandoned once TCR signaling occurs, activating the mTOR pathway for metabolic restructuring 
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of activated T cells189. After a signaling event, the mTOR pathway changes glucose metabolism 

to facilitate the expansion T cells 189. However, multiple studies190,191 have shown that inhibition 

of mTOR does not account for the T cell suppression observed under IDOHigh/tryptophan-depleted 

conditions, suggesting instead that GCN2 activation may be more relevant. 

IDOHigh tumors increase their L-Trp consumption, thereby depleting it from the TME and 

preventing T cell intake of this essential amino acid. GCN2 is a stress-induced kinase that binds to 

uncharged transfer ribonucleic acid (tRNA)188. When amino acids are insufficient, the number of 

uncharged tRNAs increases in T cells, preventing effective protein translation and ultimately 

triggering cell cycle arrest and apoptosis. GCN2 cannot be directly measured in cells. Therefore, 

C/EBP homologous protein (CHOP) – an endoplasmic reticulum stress marker – is typically used 

as a surrogate for GCN2 activation191. It has been shown that IDO+ APCs, when cocultured with 

T cells, induce CHOP expression. Functionally, GCN2 induction results in translation repression 

and, in turn, in CD8+ T cell anergy 191–194. What is particularly interesting about GCN2-mediated 

T cell anergy is that it is antigen-dependent191. Tryptophan depletion alone cannot induce CHOP 

or any of the downstream effects – TCR-Ag binding is necessary for that effect191. In the TME, 

this means tumor antigens interacting with T cells may incite immune suppression against those 

very antigens.  

In addition to creating a L-Trp deficient microenvironment, tumor cells increase the 

production of various L-Trp catabolites, which have profound effects on the functionality and 

differentiation of immune cells. T cells, predictably, are influenced by these catabolites too. For 

example, 3-HAA and QUIN can induce apoptosis in murine Th1, but not Th2, cells195. However, 

T cells are especially influenced by L-kynurenine.  
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In the past couple of years, the unique, molecular consequences of kynurenine on CD8+ T 

cells have finally emerged 196–198. In a comprehensive examination of the molecular changes 

induced by kynurenine on cytotoxic CD8+ T cells, the Huang lab, at the Chinese Academy of 

Medical Sciences, showed that kynurenine released from tumor cells into the TME interacts with 

CD8+ T cells’ AHR, where it then acts as a transcription factor for programmed cell death protein 

1 (PD-1/CD279). Upregulation of PD-1 on the surface of T cells restrains cytotoxicity. In addition 

to PD-1, AHR-activated CD8+ T cells upregulate two transporter proteins: soluble carrier family 

7 member 8 (SLC7A8/LAT2) and proton-assisted amino acid transporter 4 (PAT4), both of which 

acts as large neutral amino acid transporters that selectively uptake more kynurenine, 

compounding T cell exhaustion further. In contrast, tumor cells at the margin enhance their 

SLC1A5 (LAT1) transporter expression, creating a greater L-Trp advantage for tumor cells.196 The 

effects of L-Kyn on CD8+ T cells are summarized in Figure 1.9. 

T cell immunosuppression is not exclusively coordinated by CD8+ T cells. In 2010, it was 

reported that kynurenine is an endogenous ligand for AHR in T cells that encourages naïve CD4+ 

T cell differentiation into Tregs
199. However, many other AHR ligands are known to affect T cell 

functionality. For instance, FICZ, ITE, 11-Cl-BBQ (11-chloro-7H-benzimidazo[2,1-

a]benzo[de]iso-quinolin-7-one), and TCDD are all high affinity AHR agonists with vastly different 

effects on T cell differentiation200. FICZ is a classical inducer of Th17 differentiation201. There is 

evidence that L-kynurenine promotes T cell differentiation into classical, FOXP3+ Tregs
122,199,202, 

lending to its role in tumor immunosuppression. The AHR ligands TCDD, ITE, and 11-Cl-BBQ 

also induce Tregs, though not necessarily classical, FOXP3+ Tregs. Work led by Dr. A.K. Ehrlich 

demonstrated that activation of AHR by many of its ligands has been inappropriately studied for 

years200,203. When each of these ligands is properly adjusted for their cell intake and AHR 
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activation, they have similar effects on CD4+ T cell differentiation200. This experiment 

demonstrated that in vivo administration of many AHR ligands (when their concentration is 

controlled to activate AHR at dioxin levels) induce type 1 regulatory T cells (Tr1) during the first 

few days, which act suppressively while being FOXP3-, and may then adopt a classical FOXP3+ 

Treg phenotype later on (i.e. day 10). When supplied in lower doses, all ligands skewed naïve CD4+ 

T cell differentiation toward Th17 cells. This suggests that stronger AHR activation creates 

immunosuppression characteristic of the IDO/TDOHigh tumor microenvironments. While L-

kynurenine was not part of this study, it is established as an AHR activator in T cells. However, 

the nature of L-Kyn induced CD4+ T cells, i.e. whether they are classical FOXP3+ Tregs or a 

nonclassical Trx subtype, remains deeply controversial. What is known about the molecular 

changes of T cells exposed to L-Kyn in the tumor microenvironment is summarized in Figure 1.9.  

Taken together, T cells activated in IDOHigh tumor microenvironments – characterized by 

lower L-Trp and elevated L-Kyn exposure – are more likely to differentiate into regulatory T cells, 

experience severe cellular anergy, and pronounced nutrient disadvantages, culminating in a perfect 

storm of immune escape that supports uncontrolled tumor growth.   
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Figure 1.9. Kynurenine’s Effect on CD8+ and CD4+ T Cells. Progress in uncovering kynurenine’s molecular 

impact on cells has made serious headway over the past couple of years. Before 2018, the specific changes induced 

by kynurenine in CD8+ T cells was unknown. Now, the field knows that kynurenine promotes the upregulation of 

cellular exhaustion marker, PD-1, and preferentially encourages kynurenine uptake through certain transporters, 

LAT2 and PAT4296. However, these advances have not extended to CD4+ T cells, where much remains unknown.  

. 
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Table 1.1. L-Kynurenine Serum/Plasma Changes Across Various Pathophysiological States 

Pathology Metabolite Experimental State Control State Comments References 

Alzheimer's Disease K/T Ratio (× 10-3) 82 ± 27 51 ± 13 
K/T reflects peripheral IDO activity 

in AD  204 

Huntington's Disease 
L-Kyn (ng/mg)  

of putamen protein) 
7.61 ± 1.82 4.96 ± 0.75 

L-Kyn/KynA increased as well, 

indicating less KAT shunting 
28  

Inflammatory  

Bowel Syndrome 

L-Trp (μM)                          

L-Kyn (μM)              

53.37 ± 2.28                              

3.16 ± 0.29 

53.32 ± 3.01                     

2.55 ± 0.12             

K/T ratio increased, along with 

decreased levels of KynA and 

serotonin 

205  

Pregnancy  L-Kyn (μM) 
4.59 (fetal) 

0.91 (maternal) 
2.15 ± 0.12 

When measured separately, fetal 

interface levels are much higher 

than maternal plasma levels, 

overall.  

206,207  

Colorectal Cancer 

L-Trp (μM)                          

L-Kyn (μM) 

 K/T Ratio (× 10-3) 

51.3 ± 7.5                                       

2.3 ± 0.4                            

45.5 ± 9.4 

63.7 ± 5.7                                             

2.1 ± 0.35                                    

32.5 ± 4.7 

  150 

Endometrial Cancer 
L-Trp (μM)                          

L-Kyn (μM)              

66 ± 7.7                                       

1.9 ± 0.64 

62.5 ± 9.3                          

1.12 ± .21 
Patients display higher K/T ratios. 

  
208  

  

Vulvar Cancer 
L-Trp (μM)                          

L-Kyn (μM)              

64.9 ± 8.9                                    

2.83 ± 1.88 

Ovarian Cancer 
L-Trp (μM)                          

L-Kyn (μM)              

65.5 ± 13                                    

1.82 ± 0.36 

Lung Cancer 

L-Trp (μM)                          

L-Kyn (μM) 

K/T Ratio (× 10-3) 

62.6 ± 15.8                                    

2.82 ± 1.17                                

47.1 ± 21.3 

71.1 ± 11.8                                

2.30 ± 0.56                         

32.9 ± 9.10 

   209 

HIV 
L-Trp (μM)                          

L-Kyn (μM) 

57 ± 3.8                                      

3.45 ± 0.14 

91 ± 6.63                                    

2.31 ± 0.23 

Clear ↑ in L-Trp shunting. IFNγ 

levels can be 10x higher in HIV 

patients than healthy controls 
 34 

Schizophrenia  
L-Kyn (μM)             

KynA (μM)    

1.67 ± 0.027                                 

1.45 ± 0.10   

0.97 ± 0.07                           

1.06 ± 0.06  

L-Kyn shunting skewed to favor 

KynA over 3-HK. 
103  

Anxiety  L-Kyn (μM) 9.32 ± 0.2  
4.32 ± 0.3 

Strong correlation between L-Kyn 

levels and anxiety. 
210 

Depression  L-Kyn (μM) 2.98 ± 0.01 
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1.5 Clinical Significance of Kynurenine in Cancer Treatment 

Cancer is a critical public health issue, as one of the leading causes of death in the world 

and the second leading cause of death in the United States211 – with almost 600,000 deaths due to 

cancer in 2017212. Forty percent of Americans are expected to be diagnosed with some form of 

cancer in their lifetime213, with those odds increasing with age (up to 80% after 55 years old214). 

The national cost of cancer care in 2017 alone was over $147 billion214, which does not account 

for the extensive, unpaid sacrifice of many caregivers. An aging population makes those costs 

likely to increase over the coming years.  

The 27% reduction in cancer-related deaths 214 over the past 25 years is a testament to the 

important advancements that have been made in the field, but many treatments remain harmful to 

the patients undergoing them. The classical treatment strategies for cancer include surgery, 

radiation, and chemotherapy, or some combination thereof215.  

Thankfully, the past 20 years have also produced a rapid expansion of patients’ options to 

include a novel approach: immunotherapy. In 2013, immunotherapy was declared Science’s 

breakthrough of the year216. Immunotherapy is a lucrative area of research and business, and a 

promising, novel treatment strategy for thousands of cancer patients.  

For example, work led by Dr. Jim Allison at MD Anderson in Houston, Texas resulted in 

the FDA approval of immune checkpoint inhibitor, ipilimumab, for the treatment of cancer217. The 

treatment works by blocking cytotoxic T-lymphocyte associated protein 4 (CTLA-4) on T cells as 

an anti-CTLA-4 (αCTLA-4) monoclonal antibody218. In T cells, expression of CTLA-4 weakens 

T cell immunity by diminishing costimulatory T cell signals. By administering αCTLA-4, the 

activation threshold for T cells is no longer being dampened, thereby increasing T cell mediated 

cytotoxicity against cancer cells218. The results were profound. In one clinical trial, a Stage IV 
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melanoma patient (23F) with 31 hepatic and neurological metastases, and six months to live, 

received ipilimumab. She has been cancer free for 15 years 217. 

Since then, immunotherapy has expanded to include other monoclonal antibody immune 

checkpoint inhibitors (i.e. αPD-1), cancer vaccines, and immune system modulators, i.e. those that 

resolve immunosuppression brought on by metabolic changes, such as kynurenine-mediated tumor 

tolerance. 

There are two primary options being pursued to address kynurenine-induced immune 

escape. One is IDO inhibition, preventing cancer cells from catabolizing L-Trp into L-Kyn219. The 

second is AHR antagonism, which blocks L-Kyn from binding to T cells’ AHR. As small 

molecules, these strategies risk non-specificity, and may cause deleterious, off-target effects. 

Additionally, IDO inhibition does not address the plethora of L-Trp dysregulated tumors that 

enhance TDO (i.e. hepatic cancers), rather than IDO. The limitations of IDO inhibition were 

revealed when epacadostat, Incyte’s small molecule IDO inhibitor, used in combination with αPD-

1, failed to improve progression free survival in a large melanoma cohort220. While this strategy 

had a lot of promise going into clinical trials221,222, and may have benefited other patient cohorts, 

the failure of epacadostat has disincentivized the expansion of immunotherapies that act as IDO 

inhibitors. AHR antagonism, however, is still in development, with one option in Phase I clinical 

trials223. Although, AHR antagonism may suffer from similar pitfalls, in addition to quick 

clearance from the body and nonspecific interference of normal AHR function.  

It was hypothesized that administration of an enzyme that degrades L-Kyn into nontoxic 

and nonimmunogenic products can be used as a therapeutic agent to mitigate L-Kyn’s suppressive 

effects on the immune system, without compromising normal L-Trp catabolism or the 

immunomodulatory role of AHR in healthy tissue. By depleting L-Kyn, preliminary results with a 
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bacterial kynureninase showed antitumor efficacy in murine models, conferring a significant 

survival advantage 224. Immunohistochemistry revealed that KYNU treatment results in greater 

CD8+ T cell recruitment to murine B16-meloma tumor margins and enhanced infiltration of 

activated, proliferating CD8+ T cells to the interior of solid tumors224. Although, this work did not 

show any significant alterations to the CD4+ T cell compartment in response to kynureninase 

treatments. However, this may be due to the use of a murine melanoma model, and not an 

indication that tumor-resident or tumor-infiltrating, CD4+ T cells do not play a role in the tumor 

microenvironment of IDO/TDOHigh cancers.  

In my dissertation work, I first focused on engineering higher catalytic activity in a 

bacterial kynureninase that exhibits closer homology to the native, human enzyme for the 

treatment of IDO/TDOHigh cancers. Second, I aimed to uncover the specific, molecular effects of 

L-kynurenine on T cell differentiation, which is simultaneously contested and ubiquitous in human 

immunoregulation tasks.   
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Chapter 2 : Engineering Kynureninase as a Cancer Immunotherapy 

 

2.1 Introduction 

 The utilization of biologics in medicine began in 1982, when the FDA approved the use of 

recombinant insulin in treating diabetes225. The number of new biologic drugs has steadily 

increased, but the number of biologics available to patients is still relatively low in comparison to 

approved small-molecule therapies226. From 1982 to 2012, almost 800 new molecular entities 

approved by the FDA were small molecules226. Less than 100 were biologics, making up the 

smallest proportion of these approved therapies226.  

 In the case of IDO/TDOHigh tumors, increased L-Trp turnover to L-Kyn results in the release 

of kynurenine into the tumor microenvironment, where it interferes with proper anti-tumor 

immune activation. Interference with this immunosuppressive mechanism can be achieved through 

small-molecule AHR antagonism, IDO inhibition or degradation of L-kynurenine by an optimized 

kynurenine-degrading enzyme. 

 The first hurdle in developing a therapeutic strategy for the enzymatic degradation of L-

Kyn was determining which enzyme to work with. There are three routes for the degradation of 

kynurenine in the human kynurenine pathway: kynurenic acid (via KAT), 3-hydroxykynurenine 

(via KMO), and anthranilic acid (via KYNU). Each enzyme has its advantages for therapeutic 

development, but the reaction chemistry of each enzyme (Figure 2.1) revealed the optimal 

therapeutic candidate.  
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 KAT and KMO have much higher catalytic activity and substrate specificity for 

kynurenine, in comparison to human KYNU. However, the products of kynurenine degradation 

by KAT and KMO are potentially toxic to the human body. Therefore, kynureninases emerge as 

the only viable option for development as an enzymatic therapeutic. Kynureninase is a pyridoxal 

phosphate (PLP) dependent enzyme that catalyzes the conversion of L-Kyn to AA and L-Ala, or 

3-HK is converted to 3-HAA and L-Ala. In 1997, Dr. R.S. Phillips at the University of Georgia in 

Athens published a method for the cloning, sequencing, and expression of a kynureninase from 

Figure 2.1 Selection of a Kynurenine Degrading Enzyme. (A) KAT transaminates kynurenine to form 

kynurenic acid, a N-methyl-D-aspartate receptor antagonist in nerve cells. (B) KMO hydroxylates kynurenine to 

create 3-hydroxykynurenine, a neurodegenerative compound implicated in many neurological diseases. (C) 

KYNU degrades kynurenine into alanine and anthranilic acid, two immunologically inert and nontoxic products.  
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Pseudomonas fluorescens (PfKYNU)227. In 2004, that same group published the crystal structure 

of PfKYNU228,229, followed swiftly by the crystal structure of the native, human kynureninase 

(HsKYNU)230. Both structures are shown below in Figure 2.2. 

 

 

Figure 2.2. Kynureninase Crystal Structures. (A) Bacterial PfKYNU crystal structure, PDB: 1QZ9. (B) Native, 

human kynureninase HsKYNU crystal structure, PDB: 3E9K. (C) Overlap of the two monomers, with HsKYNU 

in gray and PfKYNU in Texas Orange. One of the benefits of working with these KYNUs, specifically, is the 

availability of their crystal structures for reference in rational engineering efforts. Structures rendered in Pymol.   
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Proof-of-concept experiments performed by the Georgiou Lab at UT Austin capitalized on 

the high catalytic activity of PfKYNU to deplete L-Kyn in murine tumor models, demonstrating a 

clear therapeutic effect224. Preclinical evidence in mice not only shows efficacy, but because 

enzymatic depletion does not work like any other immunotherapy (i.e. a monoclonal antibody), 

KYNU can complement other immunotherapies to create a stronger therapeutic effect. 

 HsKYNU has low catalytic activity and therefore is not capable of lowering serum 

kynurenine to the level required to confer a therapeutic effect. On the other hand, the prototypical 

bacterial enzyme, PfKYNU displays high catalytic activity for kynurenine, but low sequence 

homology to the human enzyme, thereby posing a significant risk for immunogenicity. 

Phylogenetic analysis 231   identified the enzyme from the bacterium Mucilaginibacter paludis 

(MpKYNU) as a possible lead candidate, as it has higher homology to the human enzyme than 

PfKYNU. A comparison between PfKYNU, MpKYNU, and HsKYNU is summarized in Table 

2.1, below.  

Table 2.1. Kynureninase Comparisons 

 
 

 As seen in Table 2.1, MpKYNU provides key advantages over HsKYNU and PfKYNU, 

acting as an excellent starting point for further optimization.  

 

Hs KYNU Mp KYNU Pf KYNU

Species
Isolated from 

Homo sapiens

Isolated from 

Mucilaginibacter paludis 

Isolated from 

Pseudomonas fluorescens 

44% sequence homology 26% sequence homology
Sequence 

Identity 
Self-tolerance

Very low activity 

Poor Specificity

Increase activity  

Immunogenicity
Immunogenicity 

Primary 

Challenge

Preferred 

Substrate
3-HK L-Kyn L-Kyn
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It was the aim of this chapter to improve the catalytic activity of the kynureninase native 

to Mucilaginibacter paludis (WT-MpKYNU). The threshold for improvement was to exceed the 

therapeutically relevant activity shown in our proof-of-concept enzyme, PfKYNU. Utilizing 

combinatorial mutagenesis strategies and high-throughput competitive selection/screening, 

catalytically superior variants were isolated from incredibly diverse, mutant libraries.  
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2.2 Methods and Materials  

Cloning of Kynureninase-Encoding Genes 

 Genes encoding three different KYNU enzymes of bacterial and human origin were 

synthesized as Integrated DNA Technologies (IDT) gblocks with E. coli-optimized codons and an 

N-terminal 6x-Histidine (6x-His) tag for purification purposes. Their amino acid sequences can be 

found in Supplemental Information, Figure 2.11232–234. 

 These three KYNUs genes were inserted into a pet28a235 or pmal-c2x236 vector for cloning 

into E. coli. Common cloning restriction enzyme sites utilized include: NdeI, NcoI, XbaI, XmaI, 

HindIII, BamHI, SalI, and EcoRI.  

Library Construction   

Error Prone Library Construction 

Error prone libraries involve a misincorporation of bases to the daughter strand of DNA to 

create amino acid changes in the target gene during PCR amplification 237. In the libraries described 

here, those changes are three-fold. First, library construction relied on polymerases that are 

naturally more error prone, i.e. Taq polymerase, as opposed to high-fidelity Phusion polymerases. 

Second, the ratio of deoxyribonucleotide triphosphate bases (dNTPs) was skewed by biasing 

dNTPs in favor of extra thymine. Approximately 10× as much dTTP was used in comparison to 

other base pairs, introducing a tolerable level of change to the target gene (≤1%) without sacrificing 

sequence space interrogation (error rates below 0.4% typically did not initiate enough variance). 

Finally, adding Mn2+ diminishes template specificity of the polymerase, and so it is also added to 

the polymerase chain reaction (PCR) mix. Error rates of 0.4% and 0.6% were commonly 
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implemented, following previously published methods238. A summary of how various predicted 

library error-rates were prepared is summarized in the table below.  

Table 2.2. Error Prone PCR Amplification Reaction by Estimated Error Rate238,239 

Reagent Stock 

Concentration 

Error Rate (%) 

0.2 0.3 0.4 0.5 0.6 

dH2O - 11.23 11.17 10.55 10.08 9.54 

dATP 10 mM 0.7 0.4 0.44 0.44 0.46 

dCTP 10 mM 0.8 0.4 0.4 0.4 0.4 

dGTP 10 mM 0.4 0.36 0.54 0.68 0.84 

dTTP 100 mM 0.27 0.25 0.37 0.47 0.58 

DNA Template 50 ng/uL 0.4 0.4 0.4 0.4 0.4 

Forward Primer 20 uM 0.5 0.5 0.5 0.5 0.5 

Reverse Primer 20 uM 0.5 0.5 0.5 0.5 0.5 

BSA 0.1 ug/mL 0 1 1 1 1 

MgCl2 50 nM 1 0.82 1.1 1.33 1.58 

McCl2 5 mM 2 2 2 2 2 

10x Taq Buffer 10x 2 2 2 2 2 

Taq Polymerase - 0.2 0.2 0.2 0.2 0.2 

Total Volume/rxn - 20 20 20 20 20 

 Cycling Conditions: 95°C;5 min, (95°C;1 min, 55°C;1 min, 72°C;2 min, 72°C;5 min) *25 cycles, 4°C; infinite hold.  

 After libraries of a certain, predicted error rate were amplified, they were transformed into 

E. coli (methods described in Transformation of KYNU Libraries). Experimental estimates of the 

error rate were determined as previously described239, at least 20 transformants/library were 

submitted for sequencing analysis to determine an apparent error rate. During MpKYNU 

engineering, seven error prone libraries were constructed. Libraries with 0.3%, 0.4%, and 0.6% 

error-prone libraries were constructed with experimental errors rates of 0.56%, 0.44%, and 0.8%, 

respectively. The 0.3% and 0.4% error prone libraries were mixed together, and the 0.6% error 

rate library transformants were cultured separately. It was from these three libraries that each 

catalytically improved MpKYNU variant reported herein was identified.   
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Oligonucleotide Directed Mutagenesis 

While the crystal structure of MpKYNU is not available, sequence alignments were utilized 

to select residues for partial or complete saturation mutagenesis, in addition to saturation 

mutagenesis of residues identified to improve MpKYNU catalytic activity from other libraries.  

For instance, by aligning to HsKYNU, residues in MpKYNU potentially associated with PLP-

binding were identified (Table 2.3) and a site-saturation NNS library was constructed, as 

previously described240.  

Table 2.3. Proposed PLP-Binding Residues in MpKYNU 

amino acid present, by substrate preference 

HsKYNU Residues MpKYNU Residues  Preferred Substrate  

is 3-HK 

Preferred Substrate  

is L-Kyn 

L72 C40 C D 

A99 V67 V I 

H102 W70 H W 

I110 M78 L/I F 

A136 T104 T/S S/T 

L137 L105 L/I T 

T138 T106 V/A T/S 

V139 V107 V/A V/T 

S167 S135 S S/T 

S221 G189 P/S P 

V223 I191 V/I V 

F225 Y193 F Y 

A252 A220 A C/A 

A282 P250 P P 

F306 W275 Y/F F/W 

R313 R282 R Q 

M316 M285 M M/L 

I331 V300 L/I I/V 

S332 S301 S G 

N333 C302 N T 

Q402 Q368 Q H/Q 
*When more than two residues are shown, the first is the is the major amino acid conserved at that position, the 

second is present ≥10% of the time in all known KYNUs. Analysis performed in Linnaeus Blast/Clustal Omega. 

**Here, residues in gray are residues that exhibit amino acids that would presumably preference 3-HK as a 

substrate. Blue residues represent amino acids that are speculated to be advantageous for L-Kyn turnover.  
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 A site-saturation NNS library was constructed by replacing the codon corresponding to 

target amino acids with NNS (“N” is a mixture of all four nucleotide bases and “S” is a mixture 

of cytosine and guanine) at the center of the primers, flanked by approximately 15 nucleotides 

on each side. These primers were designed to be similar in melting temperature to facilitate a 

simpler PCR amplification of the fragments used to make this NNS library. The first PCRs 

performed amplified the gene fragments that contain NNS degenerated amino acids. Next, an 

overlap extension PCR combined these fragments to reassemble the full length KYNU gene. In 

NNS library construction241,  site saturation was oligonucleotide-directed, overlap extension 

PCR was performed with fragments that were purposefully amplified, and then the full target 

gene was reassembled and amplified for transformation and clonal selection/screening.  

 Fifteen oligonucleotide directed libraries were constructed, though this type of library did 

not result in any catalytically improved MpKYNU variants. In fact, oligonucleotide-directed 

libraries that altered the PLP-binding site or ligand binding site of MpKYNU consistently resulted 

in the most deleterious mutations and worsened catalytic activity for L-kynurenine degradation.    
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DNA shuffling 

 DNA shuffling libraries were constructed by sonicating the DNA of KYNU variants 

derived from other libraries, i.e. improved variants identified from error prone libraries, to form 

small random fragments, as previously described238,242. These fragments were used to 

reconstruct a full-length KYNU gene (Step 1), followed by a PCR to amplify the full-length 

KYNU sequence (Step 2), which should have elements of the various mutants incorporated in 

their sequences 242,243.  

 This is not unlike the two-step PCR process previously utilized in oligonucleotide 

directed NNS library construction, but they have key differences. In DNA shuffling techniques,  

the template DNA of multiple MpKYNU mutants were sonicated to create random fragments, 

these are put into a PCR to self-anneal into a full-length KYNU gene, and then this DNA is 

amplified for transformation as a “shuffled” library (as it may contain the mutations of multiple 

MpKYNU variants). The thermocycling conditions are summarized below (Table 2.4). 

Table 2.4. DNA Shuffling Thermocycling Conditions  

 

 Of the four DNA shuffling libraries constructed, none resulted in a catalytically improved 

MpKYNU variant. 
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Transformation of KYNU Libraries 

Following digestion with restriction enzymes (i.e. with NdeI and EcoRI), kynureninase 

libraries were ligated into digested vector backbones, summarized below (Figure 2.3). These 

various KYNU libraries were then transformed via electroporation (separately from each other) 

into a modified E. coli strain (described in the next section) used for the selection, screening, and 

purification of KYNU enzymes. 

 

 

Figure 2.3. Digestion, Ligation and Transformation of KYNU Libraries297. Many different types of KYNU 

libraries were created to engineer MpKYNU, and each was evaluated separately.  Digestions set up as previously 

described298. In two separate microcentrifuge tubes, digest 1 μg of insert and 10 μg of vector DNA with 2 

μL/restriction enzyme, 10 μL of 10×Digestion Buffer, and up to 100 μL with dH2O and leave at 37°C for 3-24 

hours. Following digestion, the vector and insert products were run on a 1% agarose gel (120V for 30 min), cut 

the digested products from that gel (~1200 bp for Insert DNA, ~5500 bp for Vector DNA), and cleaned using the 

QiaQuick Gel Extraction Kit Protocol299. Ligations were set up as previously described296, at a 3:1 Insert DNA: 

Vector DNA molar ratio (which in the case of MpKYNU is approximately 100 ng KYNU Insert:100 ng of DNA), 

and set up to run overnight in a thermocycler at 16°C, followed by a 65°C/10 min deactivation of T4 Ligase. In 

8-strip PCR tubes, pipette ligation reaction of 3:1 Insert: Vector DNA, 1 μL of T4 Ligase, 2μL of T4 Ligase 

Buffer, and add dH2O up to 20μL. In addition to ligation reactions that include insert DNA, ligation reactions 

were prepared without insert DNA to ensure to ensure complete ligation of the vector backbone. (C) Following 

ligation overnight, 10-20 μL of ligation reaction were added to 50μL of competent cells (prepared as previously 

described300). Then, these cells were electroporated301, recovered in 0.5 mL of LB at 37°C with shaking, and then 

plated on LBKan agar plates. These plates were left overnight at 37°C. A sampling of single colonies was picked 

from these plates and grown overnight in 5 mL of LBKan at 37°C with shaking. The DNA of these cultures is 

isolated using a Qiagen Miniprep Kit196 and submitted for sequencing to confirm the genetic make up of 

kynurenine libraries. For example, information gained from these sequencing checks can inform the actual error 

rate of error-prone libraries or whether variants have been successfully shuffled. Figure adapted (ThermoFisher).  
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Selection of Kinetically Improved Variants  

The competitive selection 231 of kynureninase relies on complementation of anthranilate 

synthase (TrpE) in bacteria. Tryptophan in E. coli is made from chlorismate, a pentose-derived 

precursor, by the gene products of the Trp operon, consisting of the genes: trpE, trpD, trpC, trpB, 

and trpA. In E. coli, chlorismate is converted into anthranilic acid (AA). Cells without a functional 

Trp operon are auxotrophic for L-Trp, meaning it must be added to minimal media to ensure cell 

survival. An E. coli mutant strain with an anthranilate synthase (TrpE) deletion, referred to as 

ΔTrpE, was shown to support growth of KYNU-expressing E. coli in M9 minimal media 

supplemented with L-Kyn. Transformed libraries, expressing diverse KYNUs were inoculated into 

this competitive selection. In ΔTrpE, E. coli expressing functional KYNUs convert L-Kyn to AA, 

which can then be utilized to create L-Trp, thus restoring growth. Cells without this ability, either 

due to unsuccessful transformation or a deleterious KYNU variant, were unable to produce L-Trp 

and die. Multiple passages, over several days confer a fitness/survival advantage to cells 

expressing enhanced (catalytically, stability, or expression based) KYNUs.  

Kynureninase libraries were inoculated into M9 Minimal Media with 2% Glucose, 2 mM 

MgSO4, 0.1 mM CaCl2, 10 μM Isopropyl β- d-1-thiogalactopyranoside (IPTG), and L-Kyn (0.1 

mM in the first passage of selection, 0.05 mM in every round thereafter) and 10× the number of 

cells needed to represent the diversity of a genetic library. For example, the first passage of 

competitive selection for a library with 1×108 possible variants should be inoculated with 1×109 

cells, at the minimum. Each passage was grown to an OD600 between 1 and 2. The next passage 

was then inoculated with 20% of the number of cells used for the previous passage. For example, 

if the first passage was inoculated with the 1×109 cells, the next three passages of selection should 

be inoculated with 2×108, 4×107, and 8×106. One mL of passages 0-4 of competitive selection 
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were stored at -80°C in 20% glycerol. Later passages (5+) were saved at -80°C in 20% glycerol 

and plated so that single colonies could be picked and screened for any catalytic or serum-stability 

improvement in kynureninase.  

Screening for Catalytic Activity in 96-well Plates  

Catalytic Activity  

 Multiple rounds of E. coli arising from the selection cultures were plated onto LBAmp plates, 

diluted to ensure single colonies are distinguishable. These plates were left to grow overnight at 

RT. The next day, single colonies were picked into a 96-well plate with 120 μL of LBAmp to begin 

the process of screening library rounds for improved catalytic variants.  

 After growing in a 96-well plate overnight at 37°C with shaking, 2 μL of each well was 

transferred to a new 96-well plate, in the same well position, with 58 μL of Terrific Brother 

(TB)Amp, and left to grow for 6 hours with shaking. The original 96-well plate was stored at 4°C 

for reference later. After shaking for 6 hours, the sub-cultured plate was topped off with 60 μL of 

TBAmp with IPTG to induce KYNU expression. This plate was left shaking at RT, overnight. 

The next day, induced cells were pelleted, washed with Dulbecco’s Phosphate-Buffered 

Saline (DPBS), lysed with Bacterial protein extraction reagent (B-PER), and lysates were 

resuspended in 50 μL of DPBS. Half of this lysate was used in activity screens: 25 uL of lysate 

mixed with 25 μL of DPBS. Activity was determined by adding 150 μL of L-Kyn (final 

concentration 300 μM) to cells and observing decay of 365 nm absorbance on the 

spectrophotometer. Wells with improved catalytic activity will have more precipitous decay of the 

365 nm signal. Using the reference plate, the corresponding positions of improved variants from 

the screen were picked as 5 mL overnight cultures, the plasmid DNA prepped, and then submitted 
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for sequencing to assess the genetic identity of that kynureninase. A summary of the selection and 

screening scheme can be found in Figure 2.4. 

Serum Stability 

Similar in preparation to the 96-well plate kinetics screen, but instead of pooling lysates in 

PBS only, lysates were split. In one plate, 20 μL of lysate in PBS was combined with 30 μL of 

PBS to reach a total volume of 50 μL. In another plate, 20 μL of lysate in PBS was combined with 

30 μL of fetal bovine serum (FBS) to destabilize the enzyme. The spectrophotometric assay was 

then run after the addition of 150 μL of L-Kyn at a final concentration of 300 μM. Decay of 

absorbance at 365 nm over time was observed. 

 Enzyme stability was determined by comparing the initial rate (i.e. the slope) of L-Kyn 

degradation between conditions, plotted as % activity over time to determine half-life (t1/2). Lysate 

enzyme stability timepoints were recorded until complete deactivation is observed.  
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Figure 2.4. Selection of Catalytically Superior Kynureninases. (A) Deletion of TrpE (anthranilate synthase) 

from E. coli generates an E. coli that behaves as a tryptophan auxotroph. Supplementation of minimal media with 

kynurenine is used to produce the essential amino acid, tryptophan. (B) Multiple passages of competitive selection 

encourage clonal convergence onto cells expressing improved KYNU variants, as these clones will display greater 

fitness and proliferative advantages in L-Kyn supplemented, minimal media. (C) Later passages (i.e. Round 5+) 

clones were then individually assessed using a high-throughput kinetic screen and observing the decay of L-Kyn 

absorbance at 365 nm.  
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Protein Expression and Purification  

 To purify and express KYNU, pmal-c2x or pET28a vector DNA containing the desired 

KYNU sequences (whether that is a single variant or large mutagenesis library) was transformed 

in BL21(DE3) E. coli or a modified cell line that can be used for cloning, selection, and 

purification, called T7-ΔTrpE of E. coli (referenced earlier in this methods section). Then, 

the transformants were plated on LB agar plates containing 50 μg/mL kanamycin (LBKan) or 100 

μg/mL of ampicillin (LBAmp), depending on the vector (pET28a/kanamycin and pmal/ampicillin).  

After overnight growth at 37°C, single colonies were picked to inoculate 5 mL starter 

cultures of LB Broth plus the appropriate antibiotic. Those cultures were left to grow overnight, 

shaking at 37°C. Subsequently, 1 mL of the starter culture was used to inoculate 500 mL of Terrific 

Broth (TB) media (plus antibiotic). These cultures were stored at 37°C (with shaking) until they 

reached an OD600 of 1.  Once the cultures reached the appropriate cell density, they were induced 

to ramp up protein expression on the plasmid vector through the addition of 0.5 μM IPTG to the 

TB cultures, and left at 25 °C, with shaking, overnight.  

The next day, the cells were pelleted by centrifugation and resuspended in 25 mL of lysis 

buffer (100mM sodium phosphate pH 8.0, 1 mM PLP, 300 mM NaCl, 1 mM 

phenylmethylsulphonyl fluoride (PMSF), 25 mM imidazole, 0.1% Tween-20, and 25 U/ml 

Universal Nuclease). Cells were then lysed using a French Press and solids were removed via 

centrifugation at 20,000×g for one hour. During this hour, a Nickel-Nitrilotriacetic Acid (Ni-NTA) 

agarose chromatography column was equilibrated with wash buffer (100 mM sodium phosphate 

pH 8.0, 25 mM imidazole, and 0.1% Tween-20, 300 mM NaCl). From there, protein purification 

occurred at 25°C.  
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Lysate supernatant was filtered through a 5-μm syringe filter and applied to a Ni-NTA 

column that was pre-equilibrated with wash buffer. The column was washed with approximately 

20 column volumes (translates to approximately ≥ 10mL) of buffer. Protein was eluted with 

approximately 1.25 mL of elution buffer (100 mM sodium phosphate at pH 8.0, 300 mM NaCl, 

5mM PLP and 300 mM imidazole). To ensure full loading of cofactor PLP, the eluted protein was 

incubated for 1–2 hrs in the elution buffer at 37 °C. Following PLP loading, the purified protein 

was dialyzed against 50mM Tris-HCl pH 8.5 overnight at 4°C in snakeskin dialysis tubing with a 

10,000 MWCO, to remove the excess PLP and imidazole.  

The protein was collected in microcentrifuge tubes and/or cryovials for long-term storage. 

Long-term storage of KYNU was 15-20% vol/vol glycerol and flash frozen in liquid nitrogen 

before being stored at -80°C. To determine protein concentrations, an extinction coefficient (ε) 

was calculated based on amino acid sequence using the ExPASy ProtParam Tool (ε280 = 77,810 

M-1cm-1 for MpKYNU, ε280 = 64,860 M-1cm-1 for PfKYNU, and ε280 = 51,340 M-1cm-1 for 

HsKYNU, assuming all cysteines are reduced) and all concentrations were determined based on 

absorption at 280 nm using Beer’s Law.   

Enzyme Kinetics 

Substrate concentrations of L-Kyn ranging from 0 to 0.48 mM were typically used to 

determine Michaelis–Menten kinetic parameters for KYNU, using 0.2 μM of enzyme. Reactions 

were initiated by adding 160 μL of substrate solution to 40 μL of purified enzyme solution in 

DPBS at pH 7.4. Enzymatic activity was evaluated via L-Kyn absorbance at 365 nm in a 96-well 

plate spectrometer. Initial kinetic rates were evaluated by assessing the first 10% of substrate 

conversion, based on loss of 365 nm signal. From there, Michaelis-Menten parameters, 

kcat and KM, were determined in KaleidaGraph.  
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Statistical Analysis 

Statistical significance (p value) was determined by an unpaired Student's t-test. 

Significant p values are denoted by *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. All 

statistical analyses were performed using GraphPad Prism software.   
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2.3 Results 

 From 0.3%, 0.4%, and 0.6% error-prone libraries, multiple MpKYNU variants were 

isolated that appeared to have improved catalytic activity in 96-well plate screens. In fact, each 

reported MpKYNU variant herein is derived from these three error-prone libraries. Libraries 

constructed using DNA shuffling and oligonucleotide directed mutagenesis resulted in no kinetic 

improvements to MpKYNU.   

 Promising clones were sequenced, and frozen stocks saved for further characterization. 

MpKYNU variants that displayed improved catalytic activity in the 96-well plate screen and 

appeared multiple times in sequencing (suggesting the competitive selection converged on these 

variants) are summarized in Table 2.5.  

Table 2.5. MpKYNU Variant Amino Acid Changes and Specific Nucleotide Changes 

 

 After the sequence identity of these variants was determined, they were purified, as 

previously described in Materials and Methods. The MpKYNU gene was expressed from the T7 

promoter in ΔTrpE E. coli strain. Expression of a codon-optimized WT-MpKYNU resulted in a 

typical yield of ~3 mg/L of purified protein from small scale purifications with high purity, as 

shown in a representative protein gel in Figure 2.5.  
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 Steady-state kinetic parameters for WT-MpKYNU and its variants were determined 

against L-kynurenine following a small-scale purification, as previously described244. Consistent 

with the screening assay, all variants displayed improved kinetics against L-Kyn, some even 

reaching three times the native enzyme’s activity. What follows are the representative kinetic plots 

of MpKYNU variants that exhibited the greatest improvement in catalytic activity against L-

kynurenine (Figure 2.6), all of which were identified from the aforementioned error-prone 

libraries.  

 

 

 

 

 

Figure 2.5. SDS-PAGE Gel of Purified MpKYNU and MpKYNU Variants. 5 μg of each protein was loaded 

to the gel. All variant yields were equal to or slightly greater than the WT. Protein migration to 49.1 kDa is 

representative of a typical purification and gel.  
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Figure 2.6. Steady-State Kinetics of WT-MpKYNU and MpKYNU Variants. Variants of MpKYNU with 

representative stead-state kinetics, Michaelis-Menten curve fits and kinetic parameters reported. As shown, 

various improvements are made across the variants, sometimes in kcat, sometimes in KM, sometimes both.  
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  The activity of these catalytically superior variants is summarized in Figure 2.7 in 

comparison to the proof-of-concept enzyme, PfKYNU and the native HsKYNU in addition to the 

average kcat, KM, and kcat/KM of each KYNU. When compared to PfKYNU, the variants of 

MpKYNU either match or exceed its catalytic activity. This improvement enhances the clinical 

potential of MpKYNU, especially considering improved kinetics was achieved without the 

introduction of many mutations.  

  

  

Figure 2.6, continued. Steady-State Kinetics of WT-MpKYNU and MpKYNU Variants. Variants of 

MpKYNU with representative stead-state kinetics, Michaelis-Menten curve fits and kinetic parameters reported.  
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In addition to improvement in catalytic activity, some variants show improved stability in 

protein lysates (Figure 2.8).  

Figure 2.7. Kynureninase Kinetics Summary. PfKYNU activity exhibits clinically relevant degradation of L-

Kyn. The native HsKYNU exhibits the least innate activity. WT-MpKYNU sits comfortably in the middle, in terms 

of innate catalytic activity. Shown above is the average kcat/KM of seven engineered MpKYNU mutants, which 

exceed native activity (statistics shown are all compared to WT-MpKYNU). A: D374N/I403V, B: 

Q210L/N269I/K281E, C: K332I/I403V, D: G421D, E: K123R, F: K49R/Q137R/N265K/I403V, G: E86V/I403V. 

Engineered MpKYNU has exceeded the activity needed to outperform PfKYNU. Statistics: *p<0.05, *p<0.01, 

***p<0.001. ±, kinetics from one enzyme purification batch, so while improved, statistics cannot be completed. 

The accompanying table summarizes steady-state kinetic parameters at 25°C, including kcat, KM, and kcat/KM.  
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Figure 2.8. MpKYNU Variants Demonstrate Improved Stability. MpKYNU lysate stability was 2.5 hours in 

PBS and 1.6 hours in fetal bovine serum (FBS). All three variants displayed improved stability in PBS and slight 

improvement in serum as well. Kinetics from one experiment (n=3/timepoint. The accompanying table 

summarizes the half-life of each enzyme based on exponential decay curve fits performed in KaleidaGraph.  
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Additionally, a sequence alignment was performed between WT-MpKYNU and WT-

HsKYNU (Figure 2.9). MpKYNU has 44% sequence homology to the human enzyme, and the 

low mutational load of these variants suggests that the predicted immunogenic advantages of 

MpKYNU were not compromised by improving its catalytic activity. Moreover, surface mutations 

may be shielded during PEGylation when in proximity to surface lysine residues. 

 

 

 We then modeled the mutations of two, catalytically superior MpKYNU variants in the 

HsKYNU crystal structure using PyMol (Figure 2.10). 

Figure 2.9. Sequence Alignment of HsKYNU and MpKYNU. MpKYNU has 44% homology with HsKYNU’s 

sequence. Highlighted are amino acid positions that are identical (burnt orange), similar (orange), and dissimilar 

(light blue). Green bars represent stretches of perfect sequence identity between the two KYNUs.  

 



58 

 

 

  

K123R K123R 

E86V E86V 

I403V I403V 

Figure 2.10.Structural Estimates of MpKYNU Mutation Positions. Because a crystal structure for MpKYNU 

doesn’t exist, notated in this HsKYNU dimer (monomers shown in gray and orange) are approximations of where 

some amino acid changes (cyan) of catalytically improved MpKYNU variants are predicted to be in the KYNU 

structure. The cofactor PLP is shown in green. Amino acid mutations are denoted by their MpKYNU identity and 

position. No improved MpKYNU variants had mutations within 10 Å of the active site.  
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2.4 Discussion 

Determining the best engineering strategies to improve enzyme activity towards a desired 

substrate is largely serendipitous. For example, rational design would not predict key mutations 

outside the active site, which have been proven to be critical in improving the enzyme activity of 

KYNU variants.  

The catalytic activity of MpKYNU for L-kynurenine was improved through random 

mutagenesis and screening despite the unavailability of a crystal structure. In fact, the libraries that 

resulted in each of the improved MpKYNU variants reported were error-prone libraries, which 

introduce random mutations to KYNU’s genetic sequence. The libraries that resulted in the most 

deleterious mutations were those that focused on engineering MpKYNU’s active site, especially 

those that introduced changes to the binding site of cofactor PLP. In addition to improvements in 

catalytic activity (Figure 2.7), stability for three of the reported variants’ lysates were assessed 

and it was determined that these variants displayed marked stability improvement in PBS and 

marginal improvement in FBS (Figure 2.8). 

As shown in Figure 2.10, multiple mutations reported in improved MpKYNU variants are 

estimated to be outside of the active site. Additionally, all improved MpKYNU variants have fewer 

than four amino acid changes, suggesting gains to MpKYNU’s activity are not likely to have come 

at the cost of increased immunogenicity. Therefore, MpKYNU is likely to have retained its 

position as the predicted immunogenic intermediate of HsKYNU and PfKYNU, while becoming 

a catalytically superior kynureninase.  
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2.5 Future Directions 

Engineering kynureninase for use as a novel cancer therapeutic is made up of the efforts of 

many colleagues in the Georgiou Lab. The optimization of the native enzyme, HsKYNU244, would 

be most preferable for clinical advancement, but faced unique biochemical challenges compared 

to the bacterial kynureninases. By taking a highly active enzyme that retains high sequence 

homology to the native enzyme, this project was successful in generating improved variants for 

therapeutic characterization with the introduction of very few mutations.  

Activity was improved up to three-fold over the native MpKYNU enzyme, exceeding the 

necessary catalytic activity to be efficacious as a therapeutic. Additionally, variants derived from 

these engineering efforts show improved yield and stability, which are important clinical 

optimization parameters for further development. To biochemically characterize the role of these 

mutations in improving catalytic activity or stability, creating variants with mutations in isolation, 

i.e. I403V, would be academically interesting.  

Finally, while efficacy testing of WT-MpKYNU in murine tumor models has begun, 

administering pharmacologically optimized, and catalytically improved MpKYNU variants (i.e. a 

PEGylated E86V/I403V MpKYNU)  to tumor-bearing mice, i.e. in the CT26 murine colorectal 

tumor model, would be necessary to confirm that these variants’ improved catalytic activity and 

stability directly translate to gains in overall tumor progression-free survival.  
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2.6 Supplementary Information 

Figure 2.11. Amino Acid Sequence Summary of WT KYNU Genes 

 

Gene NCBI 
kcat/KM with L-Kyn 

(M
-1

s
-1

)

% Identity to 

Hs KYNU 

sequence

Amino Acid Sequence of WT genes 

Hs KYNU 

(465 aa)
NP_001186170.1 1.0×10

2 100

MEPSSLELPADTVQRIAAELKCHPTDERVA

LHLDEEDKLRHFRECFYIPKIQDLPPVDLSL

VNKDENAIYFLGNSLGLQPKMVKTYLEEEL

DKWAKIAAYGHEVGKRPWITGDESIVGLM

KDIVGANEKEIALMNALTVNLHLLMLSFFKP

TPKRYKILLEAKAFPSDHYAIESQLQLHGLN

IEESMRMIKPREGEETLRIEDILEVIEKEGD

SIAVILFSGVHFYTGQHFNIPAITKAGQAKG

CYVGFDLAHAVGNVELYLHDWGVDFACW

CSYKYLNAGAGGIAGAFIHEKHAHTIKPAL

VGWFGHELSTRFKMDNKLQLIPGVCGFRI

SNPPILLVCSLHASLEIFKQATMKALRKKSV

LLTGYLEYLIKHNYGKDKAATKKPVVNIITP

SHVEERGCQLTITFSVPNKDVFQELEKRG

VVCDKRNPNGIRVAPVPLYNSFHDVYKFTN

LLTSILDSAETKN

Mp KYNU 

(429 aa)
WP_008510840.1 5.4×10

4 44

MNYQNTLAFARELDEQDNLAGFRNEFIIPQ

HHGRDMIYLCGNSLGLQPKATAGVIAEQL

SNWGSLAVEGWFEGDSPWMHYHKKLTE

PLAAIVGALNTEVVAMNTLTVNLHFLLVSFY

RPTAKKYKILMEGGAFPSDQYAIESQVHFH

GYQPDDAIIEVFPRAGEDTLRTEDIIRTIHD

HADDLALVLFGGINYYTGQFYDLEQITQAA

HQVGAYAGFDLAHAAGNVPLQLHHWQVD

FACWCSYKYMNSSPGGISGAFIHEKHFGN

KELNRFAGWWGYREDKRFEMKPGFKPQ

EGAEGWQVSCSPLLLMAAHKASLNVFEKA

GYIEPLRKKSKLLTGYLEYLIEGINTAHQKQ

LFKIITPKNENERGCQLSIVCDNGKAIFDQL

VEGGVLGDWREPDVIRLSPIPLYNSFEDVY

LAGKLLAGSVTQFFAE

Pf KYNU 

(416 aa)
WP_017531066.1 1×10

5 26

MTSRSHCQTLDAQDPLAPLRDQFALPAGV

IYLDGNSLGARPVASLARAQQVIAEEWGN

GLIRSWNSAGWADLSLRLGNRLAPLIGAG

AGEVAITDTTSINLFKVLSAALTVQRQREPA

RKVIVSEASNFPTDLYIAEGLAELLQQGYC

LRLVNSPDELPQAIDADVAVVMLTHVNYKT

GYMYDMQALTALSHECGALSIWDLAHSA

GAVPIDLRAAGADYAIGCTYKYLNGGPGS

QAFVWVNPALVDQVRQPLSGWFGHTRQF

AMESNYAPSAGIARYLCGTQPITSLAMVEC

GLQIFEQTDMACLRRKSLALTDLFIALVEA

RCAAHGLVLITPREHARRGSHVSFEHPEG

YAVIQALIARGVIGDYREPRIMRFGFTPLYT

RFSEVWDAVEILGEILDEST 

WDQPQFKVRHSVT
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Chapter 3 : Exploring the Mechanism of Kynurenine on T Cell Activation 

3.1 Introduction 

 Kynurenine induces changes to both cancer cells and immune cells in the tumor 

microenvironment. T cells in particular are greatly affected. The suppression of T cell function 

results in unchecked tumor growth. In fact, the activation of a T cell response is the most critical 

facet of approved cancer immunotherapies.  Immunotherapies that stimulate primarily T cell 

function are being used for numerous tumors as shown in Figure 3.1, below.  

 

 

Figure 3.1. Commercially Available Immunotherapies. 224 (A) Summarized are the cancer subtypes capable of 

being treated by commercially available immunotherapies, all of which are monoclonal antibodies. Most of these 

drugs are deployed in addition to, or following, chemotherapy strategies. (B) Also shown is a summary of these 

immunotherapies, their manufacturer, and biological targets. Every cancer immunotherapeutic listed targets T cell 

markers – specifically PD-1 and CTLA-4. Kynureninase efficacy is also related to improving antitumor T cell 

immunity through the depletion of L-kynurenine196.  
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The role of L-kynurenine in mediating immunosuppression in CD8+ T cells by upregulating 

their PD-1 surface expression has been observed 196, and independently confirmed in this document 

(Supplemental Information, Figure 3.25). However, the precise phenotype mediated by elevated 

L-kynurenine is not fully understood in CD4+ T cells. What is known is summarized in Figure 

3.2.  

CD4+ T cells are essential to antitumor immunity. In particular, Tregs (regulatory T cells) 

impede antitumor immunity by suppressing effector immune cells in the TME245. In cancer 

patients, higher Treg frequency is correlated with poorer prognosis245. Regulatory T cells guide 

naïve T cell function and proliferative capacity in the periphery using a variety of mechanisms 

including cell-to-cell contact, secretion of soluble signals (i.e. anti-inflammatory cytokines), and 

affecting changes in the metabolic reprogramming of T cells (i.e. inhibiting glycolysis)245.  
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Figure 3.2. Summary of Kynurenine’s Effect on T cells. (A) Cancer cells that upregulate their IDO or TDO 

produce the tryptophan catabolite, kynurenine, in excess. This initiates an autocrine feedback loop that results in 

constitutive IDO/TDO expression and the release of excess kynurenine into the tumor microenvironment196. There, 

it can interact with tumor resident and surveilling T cells. (B) Kynurenine induces PD-1 expression, which 

negatively regulates cytotoxicity and antitumor immunity196. Kynurenine also elevates the expression of 

kynurenine transporters that compounds the anergy caused by this ligand38. (C) In CD4+T cells, the molecular 

effects of kynurenine are unclear. Studies report elevated transcript levels of FOXP3266 but as this document 

clarifies, these results are not maintained at the protein level. Even less is known about which transporters influence 

CD4+T cells’ L-Kyn. As tumor cells and CD8+T cells upregulate different transporters in response to L-Kyn, these 

transporters will be probably be unique. Great opportunities remain for the clarification of kynurenine’s role as an 

immunomodulator, especially given the functional diversity observed in the CD4+ T cell subset.  

 



65 

 

The forkhead box protein 3 (FOXP3) is a canonical lineage marker for regulatory T cells 

identified initially from its role in scurvy and in autoimmunity246–250. FOXP3 has the ability to 

interact with almost 3000 genomic sites, influencing anywhere between 700 and 1400 genes to 

generate suppressive T cells245. However, FOXP3 is not the only regulator of Treg differentiation. 

There are three, well characterized Treg subsets245,251,252. The three subsets are: 

1. Tr1 (Type 1 regulatory) Treg cells: IL-10 producing, FOXP3-  

2. Th3 (T helper 3) cells: TGFβ producing, FOXP3- 

3. Classical Tregs (natural and induced): CD25+FOXP3+  

Because FOXP3 expression cannot account for the phenotype of all regulatory T cells, 

many other biomarkers have been identified to describe the origin and phenotype of suppressive 

T cells in various physiological contexts (Table 3.1), including and especially cancer.  

For example, it is well established that transforming growth factor beta (TGFβ) induces the 

differentiation of Tregs in peripheral tissues and in vitro and that these Tregs elevate their FOXP3 

expression253. In fact, TGFβ augments the stability of FOXP3 expression and activity by inhibiting 

its acetylation (which prevents ubiquitylation)245,254. Of relevance here, TGFβ also induces IDO in 

dendritic cells, resulting in downregulation of the IL-2 receptor (IL-2Rα, or CD25) on nearby 

effector T cells and therefore decreasing their proliferative capacity. Helios, another transcription 

factor that is highly expressed in classical Tregs, is associated with stability of the FOXP3+ Treg 

lineage255.  

Moreover, CTLA-4, PD-1 LAG-3, and Tim3 act as immune checkpoints that can inform 

the suppressive phenotype of T cells. CTLA-4 opposes CD28-mediated costimulatory signals to T 

cells, which blocks their cell cycle progression and impairs further metabolic reprogramming in 

response to activation218. PD-1 (programmed cell death receptor 1) also provides inhibitory signals 
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that dampen T cell activation signals and has been observed on tumor infiltrating CD8+196 and 

CD4+ T cells218. Antagonistic antibodies to both of these immune checkpoints have been developed 

as cancer immunotherapeutics (Figure 3.1). LAG-3 (lymphocyte activating gene-3) is a surface 

marker that binds to major histocompatibility complex II (MHC II), playing a role in T cell 

exhaustion256. Tim3 (T cell immunoglobulin and mucin-domain containing-3) is a receptor 

expressed on T cells that, when blocked, enhances antitumor immunity257,258.  

 Cytokines are also important regulators of T cell differentiation and proliferation259. In 

classical Tregs, IL-10, TGFβ, and IL-35 are associated with immunosuppression259. In fact, even 

non-regulatory T cell subsets, i.e. Th1 T cells, upregulate IL-10 as a method of self-control while 

resolving infections, in addition to otherwise inflammatory cytokines (i.e. IFNγ)260–262.   

 Finally, metabolic reprogramming of Tregs is mediated by a diverse range of cell surface 

markers and transporters. For example, LAT1 (CD98) and the IL-2 receptor (IL-2R, or CD25) are 

both upregulated in activated T cells but are particularly critical for Treg development263. CD39 is 

a surface enzyme expressed on T cells that converts extracellular ATP/ADP to AMP264. CD73 is 

a surface enzyme expressed on T cells that converts AMP to immunosuppressive adenosine 264. 

Together, elevations of CD39 and CD73 expression on T cells have been shown to promote tumor 

growth by inhibiting antitumor immunity264.  

 The Georgiou Lab has successfully demonstrated that kynurenine depletion therapy is an 

effective treatment strategy for IDO/TDOHigh tumors224. The work described in this chapter is 

aimed at determining the specific molecular changes induced by kynurenine in T cells, especially 

as it pertains to Treg differentiation. This information is critical to the clinical advancement of 

KYNU therapy, as it contributes novel information about KYNU’s mechanism of action.  
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Table 3.1. Regulatory T Cell Subtypes 

  nTregs Tr1 Th3 

Phenotype 
CD4+CD25int/high, 

CD127low 
CD4+CD25- 

CD4+CD25+ from 

CD25- precursors 

Other Markers 
CTLA4+, GITR+, 

FOXP3+, CD127low 

CD25low-variable, 

FOXP3- 

CD25low-variable, 

FOXP3- 

Suppression 

Contact dependent, 

Granzyme B-dependent, 

makes TGF-β 

Through cytokines, 

produces IL-10 

Through cytokines, 

produces TGF-β 

Target cells APCs and T Effectors T Effectors TBD 

In vivo Role 
Suppression of 

autoreactive T cells 

Mucosal immunity, 

inflammatory 

response 

Mucosal immunity, 

inflammatory 

response 

In vitro 

Expansion 

Expandable using 

CD3/CD28 stimulation 

and IL-2 

CD3, IL-10, IL-27, 

rehnoic acid 

CD3, TGF-β, IL-4, 

IL-10 

  *Table Adapted from BD Biosciences 
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3.2 Methods and Materials 

Experimental Model and Subject Details  

Mouse Models 

C57BL/6J (B6), B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J, and BALB/cJ (Balb/c) mice were 

purchased from Jackson Laboratories. All mice were maintained in pathogen-free, ventilated cages 

with irradiated food and autoclaved water at UT Austin. All procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC). Mice were monitored daily and 

euthanized by CO2 asphyxiation followed by a cervical dislocation, always in the absence of 

distress.  

Human Samples 

Human peripheral blood was purchased from the Gulf Coast Regional Blood Center and 

shipped overnight at 4°C. Protocols were approved by UT Austin Institutional Review Board 

(IRB). These samples were preconcentrated source leukocytes and always viral negative.  

In Vitro Protocols 

Media 

Complete RPMI (RPMI-CM) media was composed of Roswell Park Memorial Institute 

1640 medium (RPMI 1640) supplemented with 10% Fetal Bovine Serum (FBS), 1× non-essential 

amino acids, 50 μM β-mercaptoethanol, 1× penicillin-streptomycin  (100 U/mL penicillin, 100 

μg/mL streptomycin) 1× glutamine (292 μg/mL glutamine), and 1mM sodium pyruvate (all 

GIBCO®). 
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Lymphocyte Collection from Murine Splenocytes 

Naive CD4+ lymphocytes were magnetically isolated from single-cell suspensions 

prepared from the spleens of tumor-free C57BL/6J (B6), B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J, or 

BALB/cJ mice using the EasySep Mouse Naive CD4+ T Cell Isolation Kit (Stemcell 

Technologies). Viability and purity were verified by staining with TCRβ and CD4. Enriched, naive 

CD4+ T cells were stimulated in a 6-well plates in complete RPMI (RPMI-CM) with anti-CD3 and 

anti-CD28 (αCD3/αCD28)–coated latex beads and IL-2 (30 IU/mL). After a 24-hour activation, 

RPMI-CM and IL-2 (30 IU/mL) was added to each well, with or without polarizing reagents, such 

as L-kynurenine (50 to 250 μM) or TGFβ (5 ng/mL). Natural Tregs (nTregs) were isolated using the 

EasySep CD4+CD25+ positive magnetic bead selection (Stemcell Technologies) and confirmed to 

be regulatory T cells based on their FOXP3 expression. Finally, pooled conventional T cells (Tconv) 

were isolated using a the EasySep Total T Cell or a Pan Naïve T Cell Isolation Kit (Stemcell 

Technologies). All cells were resuspended at a final concentration of 1×106 cells/mL and expanded 

in RPMI with αCD3/αCD28 beads (1:1 bead/cell ratio). 

Lymphocyte Collection from Human Peripheral Blood Mononuclear Cells 

Naive CD4+ lymphocytes were magnetically isolated from single-cell suspensions 

prepared from the buffy coat layer of human peripheral mononuclear cells. The buffy coat of 

lymphocytes was isolated by spinning whole blood sample (at a 1:1 dilution in DPBS) at 300 x g 

for 30 minutes at room temperature with the brake off, and then removing the concentrated 

leukocyte band (this is the buffy coat). Naïve CD4+ T Cells were isolated from the buffy coat using 

the EasySep Human Naïve CD4+ T Cell Isolation Kit (Stemcell Technologies). Viability and purity 

were verified by staining with TCRβ and CD4. Enriched, naive CD4+ T cells were stimulated in a 

6-well plates in complete RPMI (referred to earlier) with αCD3/αCD28 beads and IL-2 (30 IU/ml). 

After a 24-hour activation, RPMI-CM and IL-2 (30 IU/mL) was added to each well, with or 
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without polarizing reagents, such as L-kynurenine (50 to 250 μM) or TGFβ (5 ng/mL). Finally, 

pooled Tconv for the suppression assay were isolated using the EasySep Total T Cell and Pan Naïve 

T Cell Isolation Kit (Stemcell Technologies). All cells were resuspended at a final concentration 

of 1×106 cells/mL. T cells were expanded in RPMI medium containing αCD3/αCD28 (bead/cell 

ratio 1:1). 

The T cell isolation workflow from murine splenocytes and human PBMCs is shown in 

Figure 3.3. 

Cytokine Assays 

Culture supernatants from differentially stimulated (i.e. with L-Kyn or TGFβ) naïve CD4+ 

T cells were collected following overnight activation and 24, 72, and 120 hours after testing 

reagents were added. These samples were then stored at -80°C. Cytokines levels were determined 

using BioLegend's LEGENDplex™ 13-plex Human Essential Immune Response Kit and a Murine 

Mix-and-Match LEGENDplex™ kit, following the manufacturer’s protocol265. Murine 

supernatants were evaluated for levels of IL-2, IL-6, and IL-10. Human supernatants were 

evaluated for levels of IL-4, IL-2, CXCL10 (C-X-C motif chemokine ligand 10), IL-1β, TNF-α, 

CCL2 (C-C motif chemokine ligand 2), IL-17A, IL-6, IL-10, IFNγ, IL-12p70, (IL-8), and free, 

active TGFβ. All data was analyzed using LEGENDplex™ data analysis software.  
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Carboxyfluorescein succinimidyl ester (CFSE) or Cell Trace Violet Labelling  

For proliferation staining, freshly purified Tconv were resuspended in DPBS at 1×106 

cells/mL. Both CellTrace reagents were purchased from ThermoFisher Scientific. For CFSE, cells 

were incubated with CFSE (final concentration 5 μM) for 15 min at 37˚C in the dark. The reaction 

was stopped with RPMI-CM, the plate was incubated at 4°C for 5 more minutes, then washed three 

times in media. Cell were then resuspended at 1×106 cells/mL. For CellTrace Violet staining 

(CTV), cells were incubated with CTV (final concentration 5 μM) for 20 min at 37˚C in the dark. 

The reaction was stopped with RPMI-CM, incubated at 37°C for five more minutes, then washed 

three times in media. Cell were resuspended at 1×106 cells/mL.  

Figure 3.3. T Cell Isolation Workflow. Murine splenocytes or human PBMCs were processed through EasySep 

Naïve CD4+ T cell Isolation Kits. The cells were plated at 250,000 cells/mL in 2 mL of RPMI-CM in a 6-well 

dish. Naïve CD4+ T cells were activated overnight with αCD3/αCD28 activation beads (bead/cell ratio 1:1) and 

IL-2 (30 IU/mL) in tissue culturing conditions (37°C and 5% CO2). After a 24-hour activation, 4 mL of RPMI-

CM and IL-2 (30 IU/mL) was added to each well, with or without polarizing reagents, such as L-kynurenine (50 

to 250 μM) or TGFβ (5 ng/mL). Cells were returned to tissue culturing conditions and monitored for 5 days. A 

fraction was assessed using flow cytometry to investigate phenotypic changes. The remaining cells were washed 

and prepped for incorporation into a suppression assay with freshly isolated, CellTrace-stained T cells.  
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Treg Suppression Assay  

This assay was performed as previously described266,267. Cells were plated in 96-well 

round-bottom plates to perform a suppression assay. Freshly purified Tconv were cultured with 

αCD3/αCD28 beads and varying concentrations of differentially treated, naive CD4+ T cells, fresh 

Tregs, or alone. The plate set-up is further clarified below in Figure 3.4. CD4+ T cells (5×104/well 

at the 1:1 ratio) and Tconv cells (5×104/well) were co-cultured in the presence of αCD3/αCD28 

beads for three days under cell-culturing conditions (37°C, 5% CO2). 

Statistical Analysis 

Statistical significance (p value) was determined by an unpaired Student's t-test. 

Significant p values are denoted by *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. All 

statistical analyses were performed using GraphPad Prism software. 
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Figure 3.4. Suppression Assay Setup. (A) Stepwise dilution of T cells that have been treated with either IL-2, 

TGFβ, or L-Kyn for 5 days and washed thoroughly. First, 50 μL of media was added to the 1:2 and 1:4 ratio wells 

for this dilution. At a concentration of 1×106 cells/mL, 100 μL (or 100,000 cells) was added to the 1:1 wells. From 

there, 50 μL (or 50,000 cells) were titrated into the 1:2 wells, mixed. Then, 50 μL of that dilution was added to 

1:4 well. Finally, 50 μL was discarded. The 1:1, 1:2, and 1:4 ratios in this scenario have 50k, 25k, and 12.5k T 

cells/well in 50 μL total. All well were then topped with 50 μL (50,000 cells) of CellTrace+ total T cells and, 

finally, 100 μL of RPMI-CM with αCD3/αCD28 activation beads (2 μL/well). Controls were 100.000 CellTrace+ 

total T cells with or without beads. Final volume of all wells was 200 μL. (B) Typical plating schematic of a 

suppression assay.  
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Flow Cytometric Analysis 

Phenotyping  

Cell surface staining was done in flow wash buffer (FWB is DPBS, 1% FBS) with anti-

CD4, anti-CD8, anti-TCRβ, and viability dye (all from BioLegend). A frequently used panel for 

both murine and human analysis, can be found in Figure 3.23. Cells were then fixed and 

permeabilized using fixation and permeabilization buffer (eBioscience) according to the 

manufacturer’s instructions. For FOXP3 staining, during the permeabilization step, intracellular 

anti-FOXP3 was added (sourced from BioLegend). Cells were analyzed with BD FACS Fortessa 

flow cytometer (BD Biosciences, aka Kirk). Figure 3.5 shows a representative gating scheme 

utilized for phenotypic analysis. All data was analyzed with FlowJo software. 

 

Suppression Assay 

Cells in flow wash buffer (FWB, which is DPBS, 1% FBS) were stained with anti-CD4, 

anti-CD8, anti-TCRαβ, and viability dye (BioLegend). The antibody panels used for murine and 

human assays can be found in Figure 3.24. The assay was performed occurred in a 96-well round 

bottom plate in 200 μL of FWB. Cells were analyzed using a BD FACS Fortessa flow cytometer 

on its standard, high-throughput (HTS) setting. To run the plate on a Fortessa flow cytometer in 

HTS Mode: sample volume: 200 μL, flow rate: 2 μL/sec, mixing volume: 50 μL, number of mixes: 

2, wash volume: 400 μL. All data was analyzed with FlowJo software. Figure 3.6 shows a 

representative gating scheme utilized for suppression analysis. Figure 3.7 clarifies how 

suppression was calculated utilizing the same example.  
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Figure 3.5. Representative T Cell Phenotyping Gating Scheme. The naïve CD4+ T cells were isolated using a 

magnetic EasySep Naïve CD4+ T Cell Isolation Kit (Stemcell Technologies) and cultured for several days with 

different polarizing agents. A fraction of those cells was washed and used in suppression assay co-cultures. The 

remaining cells were evaluated using flow cytometry for cellular markers that may describe their effector function. 

Compensation was performed using AbCTM Total Antibody Compensation Bead Kit (ThermoFisher) with each of 

the dyes used in the experiment or a fluorescent equivalent. A specific gating scheme was employed each time 

when analyzing the phenotype of T cells. (A) First cells are gated by using a negative gate for αCD3/CD28 

activation beads. (B) Dead cells were then gated out, with a lower positive signal for Viability dye (PacBlue+) 

indicative of viable cells. (C) Then cells that were CD45+ (PerCP-Cy5.5) and TCRβ+ (Qdot605) were gated as T 

cells. (D) Then CD4+CD8- were gated (APC+AlexaFluor-488-). (E) CD25+/high cells, within the CD4+ subset, were 

then gated (AlexaFluor-700+), followed by (F) FOXP3, a classical marker for Tregs, expression.  
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Figure 3.6. Representative Suppression Assay Gating Scheme. Example analysis of murine suppression assay. 

These cells were isolated using a magnetic EasySep Total T Cell Isolation Kit (Stemcell Technologies) and 

cultured for three days with differentially treated naïve CD4+ T cells to assess the latter population’s influence on 

the proliferation of fresh T cells. This assay was evaluated using a plate-based flow cytometry protocol with 

surface markers that could be used to assess their viability, purity, T cell subset (i.e. CD4+ vs CD8+ T cells), and 

proliferative capacity through a CellTrace dye. Compensation was performed using AbCTM Total Antibody 

Compensation Bead Kit (ThermoFisher) with each of the dyes used in the experiment or a fluorescent equivalent. 

A specific gating scheme was employed each time when analyzing the suppression of these T cells. (A) First cells 

were gated by using a negative gate for αCD3/CD28 activation beads. (B) Dead cells were then gated out, with a 

lower Viability Dye (in this case PacOrange+) signal indicative of viable cells. (C) Then CellTrace+ cells 

(PacBlue+) were gated as the readout population: the fresh, stained T cells that were isolated three days prior. (D-

F) CellTrace+ cells were plotted on a histogram to assess their proliferative capacity. When using CellTrace, each 

peak is representative of cellular division. (D) Internal negative control co-culture. This is a representative plot of 

what Total T cell proliferation looks like when they are co-cultured at a 1:1 ratio with IL-2 treated naïve CD4+ T 

cells. (E) In contrast, the internal positive suppressive control shows the diminished proliferative capacity of T 

cells cocultured with TGFβ-induced naïve CD4+ T cells, which classically differentiate into Tregs. (F) Proliferation 

of Tconv cells cocultured with kynurenine treated naive CD4+ T cells. This representative experiment shows how 

differentially stimulated naïve CD4+ T cells behave, with L-Kyn induced T cells potently suppressing T cell 

expansion.  
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Figure 3.7. Calculating Suppressive Capacity of T Cells. (A) CellTrace+ T cells’ (PacBlue+) proliferation when 

cultured alone with or without αCD3/CD28 activation beads. On the left, a positive proliferation control with 

beads shows healthy T cell expansion. On the right, complete suppression of T cell expansion due to the absence 

of an activation signal. (B) Representative histograms, as in Figure 3.6, of CellTrace+ T cells’ proliferation at the 

1:1 ratio when cocultured with previously treated T cells. Left to right, is an internal negative suppression control, 

positive suppression control, and the experimental: kynurenine-induced T cells. (C) The formula utilized to 

calculate the amount of relative suppression introduced by these CD4+ T cells224. (D) An example of calculating 

suppression, normalized to (A). All plots originate from the same, Balb/c experiment.  

c 
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3.3 Results 

Human Assessment of Kynurenine’s Effect on CD4+ T Cells 

 To interrogate the role of kynurenine on CD4+ T cells, the phenotype and suppressive 

capabilities of kynurenine treated naïve CD4+ T cells were assessed in human T cells derived from 

PBMCs. Naïve CD4+ T cells incubated with IL-2 alone (negative control, no suppression expected) 

or with TGFβ (positive control, suppression expected) were also evaluated. Naïve CD4+ T cells 

supplemented with IL-2 will expand but should not terminally differentiate. In contrast, naïve 

CD4+ T cells treated with TGFβ (and IL-2) differentiate into Tregs (iTregs) and display elevated 

FOXP3 expression, as previously reported253. FOXP3 expression in these differentially treated 

cells is shown in Figure 3.8.  

 

 

 As evident in Figure 3.8, FOXP3 expression is not observed to be significantly increased 

in kynurenine treated CD4+ T cells. However, this may not account for these cells’ suppressive 

behavior. This behavior was explored using a T cell proliferation suppression assay, which 

Figure 3.8. Effect of L-Kynurenine on FOXP3 Expression in Human CD4+ T Cells. Human naïve CD4+ T 

cells (donors are kept separate) were phenotyped using flow cytometry after five days of polarization to assess 

their expression of FOXP3. No significant upregulation of FOXP3 occurs when naïve CD4+ T cells are induced 

with L-kynurenine. This data is representative of three, independent experiments across two human donors.  
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measures the ability of certain T cells (i.e. kynurenine treated cells) to suppress the expansion of 

freshly isolated, CellTrace labelled T cells. In this assay, kynurenine treated T cells significantly 

suppress the expansion of freshly isolated T cells at various ratios (Figure 3.9).  

 

 

 To further examine the effect of kynurenine on human T cell function, cytokine profiling 

was performed on T cells that had been incubated with 50 μM L-Kyn for 5 days using a 13-cytokine 

multiplex assay (Figure 3.10). In this experiment, IL-10 and IFNγ were significantly elevated in 

kynurenine treated T cells in comparison to TGFβ iTregs at 72 hours and 120 hours.  

 

Figure 3.9. Suppression Assay with Human T Cells. Differentially treated naïve CD4+ T cells and CellTrace-

stained Tconv cells were cocultured for three days. L-Kyn treated CD4+ T cells significantly suppress Tconv cell 

proliferation. This data is representative of three, independent experiments across two human donors.  
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Figure 3.10. Human Cytokines Over Time. Thirteen cytokines were monitored for five days in the supernatants 

of human naïve CD4+ T cells cultured in RPMI-CM and IL-2, with or without the addition of TGFβ or L-

kynurenine. These supernatants were collected, processed using a LEGENDPLEX bead based multiplex assay 

(BioLegend), and assessed using flow cytometry. Represented above are each condition’s fold change from basal 

levels over time. Notably, L-Kyn treated T cells released a significant amount of IL-10 in comparison to TGFβ 

iTregs after 120 hours (p<0.0001). L-Kyn treated T cells also released a significant amount of IFNγ in comparison 

to TGFβ iTregs after 72 hours (p<0.0001) and 120 hours (p<0.0001). This experiment summarizes three 

independent donors, all statistics performed in GraphPad Prism using a two-way ANOVA. *IP-10: Shows no 

change over time after maintaining saturated levels in all three conditions, exceeding the limits of fluorescent 

detection. **TGFβ: This cytokine is supplemented to the media of TGFβ iTregs, which is why this 

condition/cytokine combination is excluded from consideration.  
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Murine Assessment of Kynurenine’s Effect on CD4+T Cells   

 To further explore the role of kynurenine on T cells, we then considered the murine model, 

BALB/cJ. First, we confirmed that Tregs isolated from murine splenocytes display elevated levels 

of FOXP3 and suppress the expansion of T cells in vitro as expected268 (Figure 3.11).  

 
   

 Additionally, we examined the phenotype and suppressive potency of splenic mouse T 

cells that had been incubated with kynurenine.  In close analogy to the human data, we also 

observed that murine CD4+ T cells incubated with L-Kyn do not significantly upregulate FOXP3 

expression (Figure 3.12) yet are able to mediate statistically significant suppression of T cell 

expansion (Figure 3.13). 

Figure 3.11. Natural Treg Suppression Assay. Murine regulatory T cells (nTregs) and CellTrace-stained total T 

cells (Tconv) from Balb/c mice were isolated and cocultured at various ratios for 3 days to assess the effect of nTregs 

on Tconv proliferation. (A) The average FOXP3 expression of naïve CD4+ T cells versus the FOXP3 expression of 

nTregs isolated from these cells. (B) A summary of the proliferation, or lack thereof, of Tconv cells is observed and 

normalized to a Tconv only control’s proliferation to calculate % suppression.   
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Figure 3.12. Effect of L-Kynurenine on FOXP3 Expression in Balb/c Naïve CD4+ T Cells. Murine naïve 

CD4+ T cells from Balb/c mice were isolated and cultured as previously described, then phenotyped for their 

expression of FOXP3. FOXP3 upregulation is only observed in TGFβ-induced Tregs and nTregs. This data 

summarizes five, independent experiments.  

 

 

Figure 3.13. Suppression Assay in Balb/c Mice. Differentially treated naïve CD4+ T cells and CellTrace-stained 

Tconv cells were cocultured at various ratios for 3 days and proliferation of Tconv cells is assessed. Natural Tregs, 

TGFβ-induced Tregs (iTregs), and L-Kyn treated CD4+ T cells significantly suppress Tconv cell proliferation when 

normalized to a T cell only proliferation control. This data summarizes at least three, independent experiments.  
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 These experiments support the emergence of suppressive behavior due to the influence of 

L-kynurenine in CD4+ T cells that is not dependent on FOXP3+ expression. To further characterize 

the phenotype of L-Kyn treated cells, we evaluated the expression of several markers known to be 

expressed in Tregs, namely: FOXP3, Helios, LAG3, LAT1, STAT3P, CD39, and CD73 (see 

Appendix for list of abbreviations). This data is summarized in Figures 3.14-17.  

 TGFβ treatment was observed to upregulate the classical regulatory markers FOXP3, 

Helios, and CD73, as expected. However, L-Kyn treated T cells do not significantly express any 

of these markers (Figure 3.14). 

 

 

Figure 3.14. FOXP3, CD73, and Helios Expression in in Murine CD4+ T Cells. CD4+ T cells were assessed 

by flow cytometry 24, 72, and 120 hours after polarizing reagents were added. As expected, TGFβ-induced T 

cells upregulate FOXP3 (p<0.0001 at 72 and 120 hours), CD73 (p<0.0001 at 72 and 120 hours), and Helios 

(p<0.0001 at 72 and 120 hours) in comparison to both IL-2 treated and kynurenine treated T cells, over time. 

Surprisingly, L-Kyn treated CD4+ T cells resemble the negative control phenotypically. The y-axis is normalized 

to mode, which scales all channels as a percentage of the maximum count. n=3 samples/timepoint. This data is 

representative of at least two experiments.  
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 Next, CTLA-4 and PD-1 were evaluated on the surface of L-Kyn treated T cells. We 

observed that L-kynurenine induced PD-1 expression in CD8+ T cells (Supplemental 

Information, Figure 3.25), consistent with recent reports 224. However, no upregulation of CTLA-

4 was observed on CD4+ T cells (Figure 3.15). Moreover, TGFβ induced Tregs also significantly 

elevate CTLA-4 and PD-1 at 120 hours in contrast to cells treated with IL-2 alone, or with IL-2 

and L-Kyn (Figure 3.15).  

 

 
   

Figure 3.15. CTLA-4 and PD-1 Expression in Murine CD4+ T Cells. CD4+ T cells were assessed by flow 

cytometry 24, 72, and 120 hours after polarizing reagents were added. These markers are considered classical 

descriptors of regulatory T cells and act as immune checkpoints. L-Kyn does not significantly elevate expression 

of CTLA-4 and PD-1 in comparison to the controls. However, TGFβ induced Tregs significantly elevate both 

CTLA-4 (p<0.01) and PD-1 (p<0.05) expression at 120 hours in comparison to IL-2 treated and kynurenine 

treated T cells. The y-axis is normalized to mode, which scales all channels as a percentage of the maximum 

count. n=3 samples/timepoint.  
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 While TGFβ iTregs seem to reliably upregulate receptors and transcription factors 

associated with regulatory T cells, L-Kyn treated CD4+ T cells do not exhibit these changes – 

consistently matching the negative control in phenotype, despite its suppressive behavior. 

Therefore, other nonclassical Treg markers were observed to determine if they accounted for the 

change observed in kynurenine induced T cells. STAT3 phosphorylation (STATP) was assessed 

due to the role of STAT3 in mediating IDO overexpression in human tumor cells165. Other markers 

assessed include LAG-3, Tim3, and CD39 due to their aforementioned roles in regulating T cell 

immunity179,256–258,269,270, especially in cancer. In many instances, all three conditions 

demonstrated negligible expression of these markers (Figure 3.16). 
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Figure 3.16. CD39, LAG-3, Tim3, and STAT3P Expression in Murine CD4+ T Cells. CD4+ T cells were assessed by flow 

cytometry 24, 72, and 120 hours after polarizing reagents were added. Throughout the time course, L-Kyn treated T cells do not 

significantly increase or decrease expression of CD39, LAG-3, STAT3phospho or Tim3 in comparison to the controls. Moreover, TGFβ 

and IL-2 treated T cells do not significantly alter the expression of these markers over time either. The y-axis is normalized to mode, 

which scales all channels as a percentage of the maximum count. n=3 samples/timepoint. This data is representative of at least two 

experiments.  
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 Additionally, LAT1 (CD98) and the IL-2 receptor (IL-2Rα, or CD25) were assessed 

(Figure 3.17). Both are upregulated in T cells as part of T cell metabolic reprogramming in 

response to activation183. All three treatment conditions (IL-2 alone, TGFβ + IL-2, and L-Kyn + 

IL-2) displayed highly elevated CD98 and CD25 expression levels but at 120 hours, kynurenine 

induced T cells display slightly, though statistically relevant, elevated IL-2Rα/CD25 and CD98 

expression in comparison to TGFβ iTregs at the same timepoint. 

 

 

  

Figure 3.17. LAT1 (CD98) and IL-2Rα (CD25) Expression in Murine CD4+ T Cells. CD4+ T cells were 

assessed by flow cytometry 24, 72, and 120 hours after polarizing reagents were added. The markers above are 

typically indicative of T cell activation. However, some literature supports nonclassical, Tregs may differentially 

express these markers in comparison to their conventional counterparts. All conditions appear to induce 

expression of LAT1 and the IL-2Rα by 24 hours. However, kynurenine induced T cells significantly elevate 

CD98 (p<0.05 at 72 hours and p<0.01 at 120 hours) and CD25 (p<0.01 at 72 hours and p<0.05 at 120 hours) in 

comparison to TGFβ induced Tregs, though this is not significant in comparison to IL-2 treated T cells. The y-

axis is normalized to mode, which scales all channels as a percentage of the maximum count. n=3 

samples/timepoint. This data is representative of at least two experiments. 
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As shown in Figure 3.8 and Figure 3.12, we observed no significant FOXP3 upregulation 

in T cells isolated from human or BALB/cJ mice that had been treated with L-kynurenine. 

However, in both models, significant suppression of T cell expansion by these L-Kyn treated cells 

was observed (Figure 3.9 and Figure 3.13). Based on these results, we hypothesized that FOXP3+ 

T cells cannot reasonably account for L-Kyn treated T cells’ suppressive behavior in vitro and, 

therefore, these T cells may be mediating suppression in a FOXP3-independent manner. Therefore, 

a set of experiments were conducted that would directly address the role of the classical Treg marker 

FOXP3 in kynurenine-mediated immunosuppression. 

We used a mutant FOXP3YFP-cre mouse strain that expresses a yellow-fluorescent 

protein/iCre recombinase fusion protein from the FoxP3 locus without disrupting the endogenous 

expression of the FoxP3 gene (genotype: B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J , from The Jackson 

Laboratory). However, this strain is genetically distinct from our previous murine assessments in 

Balb/c. Therefore, FOXP3 expression (Figure 3.18) and suppression assay (Figure 3.19) were 

performed to test L-kynurenine’s effect on naïve CD4+ T cells in C57BL/6J (B6) mice, as they are 

the genetic background of the mutant mouse strain needed to test our FOXP3 hypothesis. 
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Figure 3.18. Effect of L-Kynurenine on FOXP3 Expression in B6 Naïve CD4+ T Cells. Murine naïve 

CD4+ T cells from B6 mice were isolated, activated, and cultured for five days with various polarizing agents. 

On Day 5, the cells were phenotyped to assess their expression of FOXP3. FOXP3 expression is only 

observed in TGFβ-induced Tregs and n Tregs. This data summarizes two, independent experiments.  

 

 

Figure 3.19. Suppression Assay in B6 Mice. Differentially treated naïve CD4+ T cells and CellTrace-stained 

Tconv cells were cocultured at a 1:1 ratio for 3 days. Natural Tregs, TGFβ-induced Tregs (iTregs), and L-Kyn treated 

CD4+ T cells significantly suppress Tconv cell proliferation normalized to the IL-2 control. Without expressing a 

classical suppressive marker, L-Kyn induced T cells behave as regulatory T cells. This data summarizes two, 

independent experiments.  
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 In the B6 mouse strain, L-kynurenine treated T cells did not significantly elevate their 

FOXP3 expression, but still mediated significant suppression of T cell expansion.  

 Therefore, we evaluated the effect of L-Kyn on FOXP3+ and FOXP3- T cells in suppression 

assays separately by using the mutant FOXP3YFP-cre mouse strain. Using these mice, naïve CD4+ 

T Cells were treated with L-Kyn, as previously described. Then, FOXP3+/- T cells were sorted 

based on their YFP expression before being cocultured with fresh, CellTrace labelled T cells, to 

determine if suppression observed from L-Kyn treated T cells is the result of enhancing the 

suppressive capabilities of FOXP3+ Tregs or if L-Kyn mediated suppression occurs independent of 

FOXP3 expression. The FOXP3 expression of these cells is summarized in Figure 3.20. The 

resultant suppression assay is summarized in Figure 3.22, with representative FACS plots in 

Figure 3.21.  

 

Figure 3.20. Effect of L-Kynurenine on FOXP3 Expression in B6YFP Naïve CD4+ T Cells. Murine naïve CD4+ 

T cells from B6YFP mice were isolated and cultured as previously described. Flow cytometry was used to assess 

their expression of FOXP3. Predictably, L-Kyn does not induce FOXP3. This is representative data of two 

independent experiments. 
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Figure 3.21. Representative FACS plots from Suppression Assay in Sorted B6YFP T cells. Differentially 

treated naïve CD4+ T cells and CellTrace-stained Tconv cells were cocultured at various ratios for 3 days and Tconv 

cells’ proliferation was assessed. Both TGFβ and L-Kyn treated CD4+ T cells suppress Tconv cell proliferation. 

The FOXP3-/+ T cells from each of these groups were sorted, plated into the suppression assay separately, and 

assessed for their independent effect on Tconv cell proliferation. FOXP3+ T cells from each subset, predictably, 

inhibit T cell expansion, However, FOXP3- T cells sorted from TGFβ-induced T cells do not seem to inhibit 

proliferation. In contrast, FOXP3- T cells previously exposed to L-Kyn seem to behave similarly to the subsets’ 

FOXP3+ T cells and the unsorted sample. This is representative data of two independent experiments.  
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 As shown above in Figure 3.22, independent of FOXP3 expression, L-Kyn treated CD4+ T cells suppress the expansion of other 

T cells, suggesting that L-kynurenine’s regulatory effect on T cells is not tied to a classical Treg phenotype, but in fact an nonclassical, 

and potentially uncharacterized, T cell subset that is both FOXP3- and suppressive.

Figure 3.22. Suppression Assay with sorted B6YFP Murine T cells. TGFβ and L-Kyn treated CD4+ T cells suppress Tconv cell proliferation in comparison to 

Tconv only controls. When TGFβ and L-Kyn treated CD4+ T cells were sorted for their expression of FOXP3, FOXP3+ T cells continue to suppress T cell 

expansion, but only kynurenine-induced FOXP3- T cells continue to suppress T cell proliferation. This suggests that L-Kyn’s suppressive behavior is mediated 

by a classical Tregs phenotype and a nonclassical Treg population. The suppressive influence of L-Kyn treated T cells is significant at 1:1 and 1:2 Treated T 

Cells: Tconv dilutions, but not down to 1:4. This is representative data of two independent experiments.  
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3.4 Discussion 

The aim of this chapter was to explore the effect L-kynurenine has on the phenotype and 

behavior of CD4+ T cells, specifically on Treg differentiation. In other studies, kynurenine is 

understood to induce a classical, FOXP3+ Treg in CD4+ T cells 165. Indeed, the behavioral changes 

that kynurenine induces, shown in Figures 3.9, 3.13, 3.19, and 3.22, would lend itself to this 

hypothesis. However, evidence provided herein challenges the field’s consensus on the FOXP3+ 

phenotype. This evidence demonstrates that in vitro, L-kynurenine treated CD4+ T cells do not 

significantly elevate FOXP3 expression. Moreover, in cocultures with fresh T cells, L-Kyn induced 

T cells suppress the expansion of conventional T cells in multiple experimental models and at 

various ratios independent of FOXP3 expression. This is critical to the field’s understanding of 

kynurenine’s influence. FOXP3 is one of many regulatory markers used to characterize T cells, 

but kynurenine may induce a subset of regulatory T cells that cannot be described by multiple 

traditional, regulatory markers.  

Finally, cytokine analysis in human T cells revealed a significant elevation of IL-10 and 

IFNγ five days after L-Kyn was supplemented to naïve CD4+ T cells in comparison to TGFβ iTregs 

(Figure 3.10, preliminary murine analysis in Supplemental Information, Figure 3.26 

corroborates IL-10 elevation).  

Evidence gathered herein suggests that kynurenine-treated T cells may be differentiating 

into FOXP3-, IL-10 producing T cells, similar to the established phenotype of a Type 1 regulatory 

T cell, which is also induced by other AHR ligands271,272. This work successfully demonstrated 

that kynurenine induces a suppressive CD4+ T cell that successfully inhibits the expansion of other 

T cells independent of FOXP3 expression and in the absence of many other classical Treg markers, 

hinting at an exciting, nonclassical Treg subset for further exploration.   
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3.5 Future Directions 

To further characterize L-Kyn’s influence on CD4+ T cell differentiation, various iterations 

of the techniques used in this work may prove insightful. For instance, phenotyping of L-Kyn 

treated T cells was not exhaustive. Therefore, surveying T cells for different markers and 

transcription factors - e.g. T-box expressed in T cells (Tbet)273, GATA binding protein 3 

(GATA3)273, Aiolos271, or Integrin alpha E (CD103 in humans)270 - is recommended for future 

investigations of L-Kyn treated T cells. To assess the necessity of IL-10 in kynurenine mediated 

suppression, IL-10 can be blocked to determine if this is the specific way kynurenine inhibits T 

cell expansion. To better emulate conditions in vivo 274,275, culturing T cells with antigen presenting 

cells, instead of activation beads, can be optimized. Additionally, freshly isolating T cells from 

differentially treated mice (i.e. kynurenine-fed or IDOHigh tumor-bearing), instead of culturing cells 

in vitro for several days, may better represent the activation state of cells in the tumor 

microenvironment. In future studies, these techniques may also lend themselves to enhanced 

reproducibility. A different readout for proliferation can be utilized to improve the sensitivity of 

suppression assays at lower ratios, i.e. 3H-thymidine incorporation instead of CellTrace. And 

finally, including an AHR antagonist in these studies would further confirm that the effects of L-

Kyn are AHR-mediated, though this has been well established in the literature38. 

To determine the molecular identity of the L-Kyn treated T cells, global transcriptional 

analysis via RNA-Seq of kynurenine treated CD4+ T cells would inform elements of L-Kyn’s mode 

of action. With this information, mechanism studies can confirm the role of various transporters, 

receptors, or transcription factors in the observed regulatory function of L-Kyn induced CD4+ T 

cells. When uncovered, the molecular signature of L-Kyn induced CD4+ T cells will unlock 

translational work across multiple disciplines, each with its own clinical implications, linked to 

the role of kynurenine in modulating immune function.  
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3.6 Supplemental Information 

Figure 3.23. Representative Phenotyping Panel 

Representative Phenotyping Panel Catalog # 

Marker Fluorophore Manufacturer  Murine Human 

Viability PacBlue TONBO 13-0863-T100 

CD45 PerCP-Cy5.5 

BioLegend 

103132 368504 

TCRβ BV605 109241 306732 

CD4 APC-Cy7 100414 357416 

CD25 AF700 102024 302622 

FOXP3 PE 126403 320107 

CD98* * - - 

 

 

  

Figure 3.23. Representative Phenotyping Panel and Spectral Analysis. Shown above are the sources of a 

common flow panel utilized in identifying murine and human naïve CD4+ T cells and to assess any phenotypic 

changes. Below it is the spectral overlap of the fluorophores represented in this panel via BD Spectral Analyzer. 

Excitation differences in these fluorophores also assist with differentiation during compensation. *this extra slot 

is reserved for exploratory markers. It has included many different biomarkers of nonclassical suppressor T cells 

in an effort to identify what markers differentiate kynurenine-induced T cells from classical Tregs.   
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Figure 3.24. Representative Suppression Assay Panel 

Representative Suppression Panel Catalog # 

Marker Fluorophore Manufacturer  Murine Human 

Viability Zombie Red* 

BioLegend 

423109 

CD45 PerCP-Cy5.5 103132 368504 

TCRβ BV605 109241 306732 

CD4 APC-Cy7 100414 357416 

CD8 PE-Cy5 100709 301010 

CellTrace 

CFSE ThermoFisher 

Scientific 

C34554 

CellTrace Violet C34557 

 

 

 

 

 

 

 

Figure 3.24. Representative Suppression Assay Panel and Spectral Analysis. Shown above are the sources of 

a common flow panel utilized in analyzing murine and human naïve CD4+ T cells after a suppression assay. It 

includes both cell trace dyes typically used, but they are never used together. Below it is the spectral overlap of 

the fluorophores in this panel via BD Spectral Analyzer. Excitation differences in these fluorophores also assist 

with differentiation during compensation. Unlike in phenotyping prep, no fixation/permeabilization steps are 

performed on cells cocultured in a suppression assay. *Zombie Red is a DsRed equivalent on the Fortessa. 
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Figure 3.25. Effect of L-Kynurenine on PD-1 Expression in Balb/c Naïve CD8+ T Cells 

 

 Preliminary murine cytokine analysis (Figure 3.26) reveals that IL-2 and IL-10 are 

released by L-Kyn treated CD4+ T cells, with significantly elevated levels at 72 hours and 120 

hours after kynurenine treatment.  

Figure 3.25. Effect of L-Kynurenine on PD-1 Expression in Balb/c Naïve CD8+ T Cells. Murine naïve CD8+ 

T cells from Balb/c mice with various treatments were monitored for their expression of the classical, cellular 

anergy marker, PD-1. L-Kyn treated CD8+ T cells significantly elevate their PD-1 expression, 120 hours after 

kynurenine is administered. This is in line with previous findings that tumor-bearing mice treated with PfKYNU 

display a greater frequency of activated (Granzyme B+) and expanding (Ki67+) CD8+ T cells and thereby regain 

their antitumor cytotoxicity and act against tumors224. This data summarizes two, independent experiments.  
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Figure 3.26. Murine Cytokines Over Time. (A) IL-2, (B) IL-6 and (C) IL-10 were monitored for five days in 

the culture supernatants of Balb/c naïve CD4+ T cells treated with IL-2, TGFβ or L-kynurenine, and processed 

with a LEGENDPLEX assay (BioLegend), and assessed using flow cytometry. L-Kyn-induced cells exhibited 

significantly elevated levels of IL-2 and IL-6, 72 hrs after L-Kyn was added (p<0.001). By 120 hours, L-Kyn 

induced T cells released a significant amount of IL-10 in comparison to TGFβ treated cells (p < 0.001).  
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Chapter 4 : Conclusions and Future Directions 

  

 As made evident by their crucial role in the success of commercially available 

immunotherapies, T cells are essential to the coordination of effective antitumor immunity. In 

particular, Tregs impede antitumor immunity by suppressing effector immune cells in the TME and 

act as important prognostic markers in cancer patients; with higher regulatory T cell function often 

associated with poorer prognosis in patients276,277. However, despite their critical role in tumor 

progression, the various subsets and specific mechanisms of regulatory T cells are still being 

uncovered. The Tr1 subset was first identified in the late 1990s278, and studying this subset was 

made more challenging by its characteristic absence of FOXP3 expression, which itself was 

identified as a classical regulatory T cell marker that same decade110.  

 Tr1s are induced in the periphery279 without a clear lineage specificity known in the 

literature, adding to their intrigue279–281. What is known is that they can differentiate from naïve, 

memory, or various helper CD4+ T cell populations281 and, therefore, have a wide range of 

mechanisms by which they can exert suppressive functions. Tr1s can mediate immunosuppression 

via cytokines279,280,282,283 (i.e. IL-10 secretion), cell-to-cell contact279,280 (i.e. via CTLA-4 or LAG-

3), metabolic disruption279,284 (i.e. via CD39 or CD73), or even cytolytic activity279,281 (i.e. 

Granzyme B). Moreover, they are distinct from classical Tregs in how they suppress immune cell 

function, their metabolism, and biomarker characterization.  

 The biomarkers and inducers of Tr1s are diverse, though inconsistently implicated across 

the literature. Tr1 biomarkers277,279–281 include LAG-3, AHR, AHRR, and ROG (all abbreviations 

in appendix) and it has been proposed that these biomarkers’ expression is driven by IL-6 in an 
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IL-21 or IL-2 dependent manner; mediated through specific transcription factors, such as c-Maf, 

IRF4, and/or Aiolos277,279,281.  

 It is our hypothesis, based on the evidence gathered herein, that L-kynurenine induces a 

Tr1 phenotype in vitro and in the tumor microenvironment in response to IDO/TDO dysregulation 

in tumor cells. We have observed that kynurenine changes the nature of naïve CD4+ T cells to 

enhance their secretion of IL-10 and that these T cells uniquely suppress the expansion of other T 

cells when in co-culture. Additionally, these T cells’ phenotype cannot be characterized by many 

classical Treg markers and demonstrate suppression of immune cells regardless of their FOXP3 

expression. There is precedent for AHR ligands, like kynurenine, to induce Tr1 differentiation: 

dioxin, another AHR ligand, has been shown to induce a Tr1 phenotype in vitro when 

supplemented in the media of human naïve CD4+ T cells271. To further characterize L-Kyn induced 

naïve CD4+ T cells, a few key experiments could reveal unique differentiating markers, confirm 

the mechanism of kynurenine-mediated immunosuppressive activity, and enhance confidence in 

the Tr1 phenotype through the inclusion of an additional, in vitro-induced Tr1 control.  

 First, markers that have not yet been utilized in our studies to characterize L-Kyn treated T 

cells may prove to be the most insightful, convenient to test, and cost effective in interrogating 

their phenotype. These include transcription factors IRF4, Aiolos, and c-Maf observed through 

flow cytometry, western blotting, and qPCR analysis. Each of these transcription factors have been 

observed in previous studies that explored the Tr1 subset and could clarify the effect of kynurenine 

on T cell differentiation. IRF4 along with the AHR has been shown to create a protein complex 

that is essential for the differentiation of human Tr1 cells with anti-inflammatory effects285,286. 

Aiolos has been shown to be a transcriptional regulator of IL-10 in human CD4+ T cells, though 

dispensable and insufficient on its own287. Finally, c-Maf is implicated as a transcription factor 
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across multiple immune cell subsets, including T cells, with its expression correlated to IL-10 

expression across CD4+ T cell subsets288–291.  

 Additionally, kynurenine exposure in naïve CD4+ T cells results in T cells’ enhanced 

secretion of the anti-inflammatory cytokine IL-10, which could explain how kynurenine-induced 

T cells suppress neighboring T cells’ expansion. To test this hypothesis, a suppression assay 

experiment that blocks IL-10 is needed to determine whether kynurenine mediates suppression 

through an IL-10-dependent mechanism. If kynurenine is shown to induce suppression in an IL-

10-dependent manner, it strengthens the argument that kynurenine is inducing a Tr1-type 

regulatory T cell; if it does not reveal that kynurenine induces suppression via IL-10, it opens up 

the possibility that kynurenine mediates immunosuppression via a novel mechanism. To bolster 

this interrogation, another culturing condition can be introduced to emulate the proposed Tr1 

phenotype: an in vitro, IL-27 induced Tr1; which has been previously reported in the literature to 

be FOXP3- and induce suppression in an IL-10 and AHR-dependent manner272. By including an 

additional control, these future experiments will clarify the type of regulatory T cell kynurenine 

may be creating in direct comparison to the kind of Treg it is not creating: Tr1s vs classical FOXP3+ 

Tregs, respectively. These experiments are of equal priority to the biomarker characterizations 

proposed earlier and can occur concurrently.   

 Finally, large scale transcriptional studies between these various culturing conditions 

(TGFβ-treated, L-Kyn-treated, and IL-27-treated naïve CD4+ T cells) can generate a signature of 

the Tr1 subset in CD4+ T cells in vitro, thereby overcoming the greatest challenge of this work: 

identifying the nature of a Treg subset that is not sufficiently characterized. If the in vitro induction 

of Th3 regulatory T cells is included, RNA-Seq of these culturing conditions would be the first 

time large-scale transcriptional analysis has been performed on three, distinct regulatory T cell 
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subsets induced in vitro in either primary murine or primary human T cells (though it is worth 

noting that a preprint article292 from this year does report the first comprehensive transcriptional 

analysis of various CD4+ T cell subsets derived from healthy, human PBMCs). This proposal will 

deliver the first comprehensive transcriptional evaluation of the established regulatory T cell 

subsets and provide an invaluable resource to projects seeking to understand the role and 

mechanism of Tregs in diseased and healthy states.  
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TOWARDS A BETTER FUTURE FOR CANCER PATIENTS AND BEYOND 

 In the Georgiou Lab, we have successfully engineered a clinically applicable enzyme for 

the depletion of kynurenine from the tumor microenvironment, thereby enabling immune cell 

infiltration and resolution of tumor burden in preclinical models. Through this work, we’ve also 

been able to explore how kynurenine suppresses T cell-mediated antitumor immunity as an 

independent signaling molecule in vitro. By investigating the specific effects that kynurenine 

exhibits on CD4+ T cell differentiation further, we believe that kynurenine may be inducing a Tr1 

phenotype in the tumor microenvironment. This means that kynurenine is capable of suppressing 

T cell-mediated immunity across both CD4+ and CD8+ T cell compartments which, in the context 

of cancer, is detrimental for patients. As we developed an immunotherapeutic that targets 

dysregulated kynurenine accumulation in the TME, we learned more about how kynurenine 

mediates that immunosuppression, filling a critical gap in the literature’s understanding of this 

ubiquitous molecule. This work also opens up opportunities across multiple fields for new research 

that investigates how kynurenine can be utilized to promote immune tolerance where it may be 

desirable, i.e. in autoimmune disease or transplantation. As more information is revealed about 

kynurenine’s mechanism of action in immune cells, especially T cells, tumor biology will be one 

of many fields positively impacted by this exploration of L-kynurenine.   
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Appendix 

List of Abbreviations 

11-Cl-BBQ: 11-chloro-7H-benzimidazo[2,1-a] benzo [de]iso-quinolin-7-one 

1-MT: 1-methyl-trptophan 

3-HAA: 3-Hydroxyanthranilic Acid 

3-HK: 3-Hydroxykynurenine 

5-HIAA: 5-Hydroxyindoleacetic acid 

5-HT, or serotonin: 5-Hydroxytryptamine 

5-HTTP: 5-Hydroxytryptophan 

6x-His: 6x-Histidine 

AA: Anthranilic Acid 

AD: Alzheimer’s Disease 

Ag: Antigen 

AHR: Aryl Hydrocarbon Receptor 

AHRR: Aryl Hydrocarbon Receptor Repressor 

ALS: Amyotrophic Lateral Sclerosis 

AML: Acute myeloid leukemia 

Amp: Ampicillin 

APCs: Antigen-presenting cells 

ARNT: Aryl hydrocarbon nuclear translocator 

ASCT2: Alanine-serine-cysteine and tryptophan transporters 2 

bHLH: Basic helix-loop-helix 

B-PER: Bacterial protein extraction reagent 
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CAR-T: Chimeric antigen receptor therapy 

CCL2: C-C Motif Chemokine Ligand 2 

CD: Chron’s Disease 

CD×: Cluster of Differentiation, cellular biomarkers, i.e. CD4 or CD8.  

CFSE: Carboxyfluorescein succinimidyl ester 

ChIP: Chromatin Immunoprecipitation 

CHOP: C/EBP Homologous Protein 

c-Maf: musculoaponeurotic fibrosarcoma oncogene homolog (leucine zipper transcription factor) 

CSF: Cerebrospinal fluid 

CTLA-4: Cytotoxic T-Lymphocyte Associated Protein 4 

CTV: CellTrace Violet 

CXCL10: C-X-C Motif Chemokine Ligand 10 

D: Aspartic Acid or Aspartate 

DCs: Dendritic Cells 

DI: Division Index 

Dioxin or TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin 

dNTPs: Deoxyribonucleotide triphosphate bases 

DOPA: Aromatic L-Amino Acid Decarboxylase 

DPBS: Dulbecco’s Phosphate-Buffered Saline 

DRE: Dioxin responsive elements 

E: Glutamic Acid or Glutamate 

FDA: Food and Drug Administration 

FICZ: 6-Formylindolo[3,2-b] carbazole 
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FOXP3: Forkhead Box Protein 3 

G: Glycine 

GATA3: GATA binding protein 3 

GCN2: General control nonderepressible 2 

GI: Gastrointestinal 

H: Histidine 

HATs: Histone acetyltransferases 

HD: Huntington’s Disease 

HsKYNU: Homo sapiens Kynureninase 

hsp90: Heat Shock Protein 90 

HTS: High-throughput screening 

I: Isoleucine 

IAA: Indole-3-Acetic Acid 

IAAld: Indole-3-Acetylaldehyde 

Iald: Indole-3-Aldehyde 

IBD: Inflammatory Bowel Disease 

IBS: Irritable Bowel Syndrome 

IDO: Indoleamine 2,3 – Dioxygenase 

IFNα: Interferon Alpha 

IFNγ: Interferon Gamma 

Ig: Immunoglobulin 

IL: Interleukin 

IPA: Indole-3-propionic Acid 
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IPTG: Isopropyl β- d-1-thiogalactopyranoside 

IRF4: Interferon Regulatory Factor 4 

ITE: 2-(1-H-indole-3-carbonyl)-thiazole-4-carboxylic acid methyl ester 

iTregs: Induced Regulatory T Cells 

JAK: Janus Kinase 

K/T: Kynurenine to Tryptophan Ratio 

K: Lysine 

Kan: Kanamycin 

KAT: Kynurenine Aminotransferase 

KFA: Kynurenine Formamidase 

KMO: Kynurenine Monooxygenase 

KP: Kynurenine Pathway 

KynA Kynurenic Acid 

KYNU: Kynureninase 

LAG3: Lymphocyte activating gene 3 

L-Ala or A: L-Alanine 

LATs: Large Neutral Amino Acid Transporters 

LB: Luria-Bertani Broth 

L-Kyn or Kyn: L-Kynurenine 

L-Trp or Trp: L-tryptophan 

M1: Macrophage, Type 1 

M2: Macrophage, Type 2 

MAO: Monoamine Oxidase 
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MHC II: Major Histocompatibility Complex II 

MpKYNU: Mucilaginibacter paludis Kynureninase 

MS: Multiple Sclerosis 

mTOR: Mammalian target of rapamycin 

N: Asparagine 

NAD+: Nicotinamide Adenine Dinucleotide 

ND: Neurodegenerative disease 

Ni-NTA: Nickel-Nitrilotriacetic Acid 

NSCLC: Non-small-cell lung cancer 

nTregs: Natural Regulatory T Cells 

PAHs: polycyclic aromatic hydrocarbons  

PAS: Per-Arnt-Sim 

PAT4: Proton-assisted amino acid transporter 4 

PCR: Polymerase Chain Reaction 

PD: Parkinson’s Disease 

PD-1: Programmed cell death protein 1 

PfKYNU: Pseudomonas fluorescens Kynureninase 

PLP: Pyridoxal-5’-Phosphate 

PMSF: Phenylmethylsulphonyl fluoride 

POC: Proof-of-concept 

Q: Glutamine 

QUIN: Quinolinic Acid 

R: Arginine 
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RAG: Recombination Activating Gene 

ROG: Repressor of GATA3  

RPMI: Roswell Park Memorial Institute 1640 medium 

S: Serine 

SL7A8: Soluble carrier family 7 member 8 

SLC1A5: Soluble carrier family 1 member 5 

STAT3: Signal Transducer and Activator of Transcription Protein 3 

TAMs: Tumor-associated macrophages 

TB: Terrific Broth 

Tbet: T-box expressed in T cells 

TCR: T Cell Receptor 

TDO: Tryptophan 2,3 – Dioxygenase 

Th1: Helper T Cell, Type 1 

Th17: Helper T Cell, Type 17 

Th2: Helper T Cell, Type 2 

Tim3: T cell immunoglobulin and mucin-domain containing-3 

TME: Tumor microenvironment 

TNFα: Tumor Necrosis Factor Alpha 

TpH1: Tryptophan Hydroxylase 

Tr1: Type 1 regulatory cell 

Tregs: Regulatory T Cells 

TrpE: Anthranilate Synthase 

UC: Ulcerative Colitis 
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WT: Wild type 

XAP2: X-Associated Protein 2 

ε: Extinction Coefficient 
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