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Abstract: The kynurenine pathway (KP) is the main catabolic pathway of the essential amino acid tryptophan. The KP has been iden-
tified to play a critical role in regulating immune responses in a variety of experimental settings. It is also known to be involved in 
several neuroinflammatory diseases including Huntington’s disease, amyotrophic lateral sclerosis, and Alzheimer’s disease. This review 
considers the current understanding of the role of the KP in stem cell biology. Both of these fundamental areas of cell biology have 
independently been the focus of a burgeoning research interest in recent years. A systematic review of how the two interact has not yet 
been conducted. Several inflammatory and infectious diseases in which the KP has been implicated include those for which stem cell 
therapies are being actively explored at a clinical level. Therefore, it is highly relevant to consider the evidence showing that the KP 
influences stem cell biology and impacts the functional behavior of progenitor cells.
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Introduction
Stem cells
A stem cell is defined by two fundamental proper-
ties: the capacity to self-renew and the ability to dif-
ferentiate into mature cells. A hierarchy of stem cell 
potential exists, with pluripotent embryonic stem 
cells (ESCs) at the apex (Fig. 1). ESCs are derived 
from the inner cell mass of the developing blastocyst 
and can give rise to mature cells of all three germ 
layers. Due to a range of moral, bioethical, and tech-
nical issues, there are numerous hurdles to the clini-
cal application of ESCs. Consequently, the last three 
to four decades have witnessed an increased inter-
est in the use of adult stem cells. These cells can be 

 isolated postnatally from a host of different organs 
and  tissues. They typically have a more limited dif-
ferentiation potential, often restricted to mature cells 
of one germ layer. Of the diverse range of adult stem 
cells the hematopoietic stem cell (HSC) represents 
perhaps the best-studied multipotent cell and can 
give rise to all cells of the blood. Another bone mar-
row resident stem cell is the mesenchymal stem cell 
(MSC). MSCs can differentiate into cells of meso-
dermal origin, typically osteoblasts, chondrocytes, 
and adipocytes. Neural stem cells (NSCs) represent 
a relatively recently identified organ-specific adult 
stem cell that can differentiate into neurons, astro-
cytes, and oligodendrocytes (Fig. 1).
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Figure 1. Hierarchy of stem cells.
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The kynurenine pathway
Tryptophan is one of the 9 essential amino acids that 
the human body is unable to synthesize and thus must 
be provided through diet. Once absorbed by the body, 
tryptophan travels through the peripheral  circulation. 
Tryptophan is the only amino acid that binds to albu-
min in the plasma with approximately 10%–15% 
of the total plasma tryptophan in the free form and 
85%–90% transported bound to albumin, with these 
two states existing in equilibrium.1 However, trypto-
phan can only be transported across the blood-brain 
barrier in its free form by the competitive and non-
specific L-type amino acid transporter. Once in the 
central nervous system (CNS), tryptophan acts as a 
precursor to several metabolic pathways including 
general protein synthesis, serotonin/melatonin syn-
thesis, and kynurenine production (Fig. 2).1

In both the peripheral and central nervous systems, 
the kynurenine pathway (KP) represents the major 
route for the catabolism of L-tryptophan,  resulting 

in the production of the essential co-factor pyri-
dine nucleotide nicotinamide adenine dinucleotide 
(NAD+) and other neuroactive intermediates (Fig. 2). 
 Tryptophan is oxidized by cleavage of the indole 
ring, initiated either by tryptophan 2,3-dioxygenase 
(TDO2), indoleamine 2,3-dioxygenase 1 (IDO-1) or 
IDO-2.2–5 TDO2 is primarily expressed in the liver,6,7 
but is also present in the CNS.8 TDO2 is induced 
by its substrate tryptophan and by corticosteroids.7 
TDO2 can be inhibited by indoleamines and nico-
tinamide analogs as well as by some antidepressant 
drugs.9 Extra-hepatically, IDO-1 is the predominant 
enzyme and can be found in most cell types, including 
macrophages, microglia, neurons, and astrocytes, but 
not in oligodendrocytes.10–12 IDO-1 is up-regulated by 
several inflammatory molecules including lipopoly-
saccharides, amyloid peptides, and HIV proteins,13–15 
but its most potent activator is interferon gamma 
(IFN-γ).5,16 IFN-γ induces both the gene expression 
and enzymatic activity of IDO-1.17,18 While IDO-2 
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Figure 2. Overview of the kynurenine pathway of tryptophan metabolism.
note: Key enzymes are indicated in red. 
Abbreviations: IDO, Indoleamine 2,3-dioxygenase; TDO2, Tryptophan 2,3-dioxygenase; KYNU, Kynureninase; KATs, Kynurenine aminotransferases; 
KMO, Kynurenine 3-monooxygenase; 3HAO, 3-hydroxyanthranilic acid oxygenase; ACMSD, Aminocarboxymuconate-semialdehyde decarboxylase; 
QPRT, quinolinic acid phosphoribosyltransferase.

http://www.la-press.com


Jones et al

60 International Journal of Tryptophan Research 2013:6

possesses similar structural and enzymatic activities to 
IDO-1, IDO-2 displays a different expression pattern 
and signaling pathway.4,19 In the CNS, KP enzymes 
are variably expressed in most cell types,11 includ-
ing astrocytes,20 neurons,21 infiltrating macrophages 
and microglia,22 oligodendrocytes,12 and endothelial 
cells.23 Infiltrating macrophages, activated microglia, 
and neurons express the full range of KP enzymes, 
whereas astrocytes and likely oligodendrocytes lack 
the crucial enzymes kynurenine 3-monooxygenase 
(KMO) and IDO-1, respectively.12,20

In the production of KP metabolites, kynure-
nine (KYN) is the first stable intermediate formed. 
 Subsequently, several other neuroactive intermediates 
are generated, including the free-radical generator, 
3-hydroxyanthranilic acid (3HAA),24 the excitotoxin 
and N-methyl-D-aspartate (NMDA) receptor agonist, 
quinolinic acid (QUIN),25 the NMDA antagonist, 
kynurenic acid (KYNA),26 and the neuroprotectant, 
picolinic acid (PIC).27 Among KP metabolites, QUIN 
appears to be one of the most important in terms of 
biological activity.28

IDO-1 has recently been the focus of attention 
because of its potent immunosuppressive effects 
on T lymphocytes, resulting in part from trypto-
phan depletion and from direct effects of tryptophan 
 catabolites.29–32 Some kynurenines, such as QUIN and 
3HAA, can selectively target immune cells under-
going activation, consequently suppressing T cell 
proliferation.33,34 More recently, KYN is also involved 
in immuno-regulation through its ligand function for 
the Aryl hydrocarbon receptor (AhR).35 KP metabo-
lites can also act in concert to produce an additive 
effect.36 IDO-1 up-regulation as well as accelerated 
and sustained degradation of tryptophan represent 
key indicators of inflammation. Indeed, inflammation 
and resulting immune activation lead to KP activa-
tion and the concomitant increased production of the 
excitotoxin QUIN.37 To date, QUIN has been shown 
to be associated with the pathogenesis of a wide range 
of inflammatory diseases and disorders.38–41

evidence of Kp Involvement  
in stem cell Biology
embryonic stem cells
Currently, very little is known regarding the role of 
the KP in ESC biology. As expected for such a critical 
metabolic pathway, the rate-limiting and key enzymes 

of the KP are expressed in human ESCs.42 In a quest 
for biomarkers of developmental toxicity Cezar et al42 
identified that KP molecules, particularly TDO2, 
were up-regulated in ESCs when cells were treated 
with the anti-epileptic drug valproate. The authors 
proposed that the KP plays a role in the pathogenesis 
of neurodevelopmental disorders. They hypothesised 
that activation of the KP reduces the bioavailability 
of tryptophan, leading to reduced serotonin synthesis 
and subsequent neurodevelopmental defects. Aside 
from this study, there has been limited exploration of 
the KP in ESC biology.

Hematopoietic stem cells
HSCs represent a population of progenitor cells that, 
relative to other adult stem cells, have been well-
characterized as precursors of cells of their respective 
tissue systems. The role of HSCs and their niche in 
hemopoiesis, transplantation biology, and treatment 
of malignancies has been a strong research focus in 
recent years. Cells of the hematopoietic lineage were 
among the first studied to show a link between the 
KP and immune regulation. IDO expression has been 
well-characterized in professional antigen-presenting 
cells.43,44 In these studies, the activation of the KP in 
dendritic cells and macrophages was a potent mecha-
nism for the regulation of T cell proliferation. In fact, 
IDO production from donor monocytes following 
hematopoietic stem cell transplantation is thought to 
be responsible for the depressed T cell function often 
observed in these patients.45 Work on tryptophan 
catabolism in lineage committed hematopoietic cells 
has recently been extended to investigate activation of 
the KP in their progenitor precursor: the HSC.46 In this 
study, the authors found that both acute and chronic 
stimulation with IFN-γ caused an increase in the pro-
duction of kynurenine in CD34+ HSC  cultures. They 
hypothesized that IFN-γ mediated  activation of the 
KP inhibited hematopoiesis. However, they did not 
observe any functional suppressive effect of IDO on 
erythropoiesis in their experiments. This may have 
occurred because tryptophan concentrations were 
not sufficiently depleted to starve HSCs. Kurz et al 
suggested that other bone marrow resident progeni-
tor cells could therefore account for the inhibition of 
erythropoiesis observed in conditions such as anemia. 
These mesenchymal progenitors will be the focus of 
the next section.
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Mesenchymal stem cells
As a purported population of adult stem cells, links 
between tryptophan metabolism and MSC biology 
have been widely investigated. MSCs are multipotent 
progenitors that were initially identified in the bone 
marrow,47 where they are thought to play a physi-
ological role in maintaining the hematopoietic stem 
cell niche.48 Recently MSCs have also been isolated 
and expanded from a wide range of post-natal and 
fetal tissues,49–51 with some investigators suggesting 
that these cells are also present in nearly all adult tis-
sues.52 The defining feature of MSCs is their ability to 
differentiate in various tissues of mesodermal origin, 
typically osteoblasts, chondrocytes and adipocytes.53 
Interestingly, it seems MSCs are not restricted to a 
mesodermal fate. They have also been shown to dif-
ferentiate into endothelial cells54 and neural cells.55 
This plasticity of MSCs, along with their ability to 
migrate to sites of inflammation, has attracted sig-
nificant attention in the last decade for their potential 
use in transplant and regeneration studies.56 Another 
aspect of MSC biology that makes them of particular 
interest is that they display potent immunomodula-
tory functions. MSCs from a variety of species inhibit 
the response of T cells to antigenic, mitogenic, and 
polyclonal  stimuli.57–59 This effect is targeted mainly 
at the level of T cell proliferation and has been fur-
ther characterized as arrest of the cell cycle in the 
G1 phase.60 This has been shown to be a pro-survival 
property, with MSCs rescuing T cells from apopto-
sis.61 The immunosuppressive effects of MSCs are 
not limited to T cells. B cell proliferation and dif-
ferentiation,62 dendritic cell maturation and antigen-
presenting function,63 and NK cell proliferation and 
cytotoxicity64 are all targets of MSC-mediated sup-
pression. There is also growing evidence that MSCs 
exert similar effects on the innate immune  system (for 
a review of this subject65).

The mechanisms by which MSCs produce these 
compelling immunomodulatory functions remain 
unresolved. While cell-to-cell contact appears to be 
required for ‘licensing’ MSCs to become suppressive, 
the inhibitory effect is ultimately mediated by a solu-
ble factor(s).61 Several candidate molecules have been 
proposed, including transforming growth factor-β1,58 
hemeoxygenase-1,66 prostaglandin E2 (PGE2),

67 and 
nitric oxide (NO).68 Interestingly, activation of the KP 
has also been investigated as a potential  mechanism 

for this immunosuppressive effect. Meisel et al showed 
that IDO could be induced in MSCs by exposure to 
IFN-γ in a dose-dependent manner. This finding was 
confirmed in co-cultures of MSCs and mixed lympho-
cyte reactions (MLR), in which significant IDO activ-
ity was detected compared to MSC or MLR cultures 
alone, suggesting that MSCs were the primary source 
of IDO activity. Importantly, in the MSC/MLR co-
cultures, addition of tryptophan significantly restored 
T cell proliferation. The authors did not investigate 
the effect of IDO inhibitors in this system.69 In sup-
port of these findings a more comprehensive study of 
the MSC immunomodulatory function found that the 
separate addition of two different competitive inhibi-
tors of IDO, 1-methyl-tryptophan (1-MT) and norhar-
mane, reduced the suppressive effect of MSCs on T cell 
 proliferation.70 A third study also confirmed a role for 
IDO in MSC-mediated suppression of allogeneic T cell 
 proliferation. Treatment of MSC/MLR co-cultures with 
1-MT significantly, but not completely, restored allo-
driven proliferation of  lymphocytes.71  Interestingly, it 
has been documented that ESCs share similar immu-
nosuppressive functions with MSCs.72 However, it 
remains unclear whether the KP is involved in this 
inhibitory effect. In a recent study using murine ESCs 
and MSCs, the authors found that IDO production was 
not involved in stem cell-mediated  immunosuppression 
in their system.73

Involvement of the KP in the immunosuppres-
sive effects of MSCs has been supported by in vivo 
 studies. Using experimental autoimmune encephalo-
myelitis (EAE), a murine model of multiple sclerosis, 
Matysiak et al showed that mice transplanted with 
MSCs showed significantly lower clinical scores and 
greater improvement than control mice with EAE.74 
The authors reported a higher than two-fold increase 
in the expression of IDO in the spleens of EAE mice 
treated with MSCs; upon closer analysis, it was found 
that CD11c+ dendritic cells were the population pre-
dominantly expressing IDO. The use of 1-MT to treat 
MSC-transplanted EAE mice restored clinical scores 
to similar levels as those of control mice with EAE 
and no transplanted MSCs. Therefore, blocking IDO 
activity led to a loss of the immunosuppressive func-
tion of MSCs in vivo and exacerbation of inflamma-
tory disease.74

In addition to their effects on T cells, MSCs have 
been shown to inhibit NK cell proliferation and 
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 cytotoxicity, which is at least partially mediated by 
IDO.75 Furthermore, in this study, addition of the 
PGE2 inhibitor NS-398 to MSC and NK cell co- 
cultures along with 1-MT (inhibitor of IDO) nearly 
fully recovered IL-2-stimulated NK cell  proliferation. 
This suggests that mechanistic synergy exists between 
IDO and PGE2 in the immunosuppressive effect of 
MSCs. The authors speculate that the synthesis of 
IDO by MSCs is induced both directly by exposure 
to pro- inflammatory cytokines such as IFN-γ and 
indirectly by autocrine stimulation of cells by PGE2. 
This hypothesis is supported by earlier work using 
dendritic cells in which PGE2 exposure induced de 
novo expression of IDO mRNA.76

Despite the evidence outlined above, the hypoth-
esis that the KP regulates MSC-mediated suppres-
sion of immune cells remains controversial. Gieseke 
and co-workers used MSCs cultured from the bone 
marrow of a boy with a frameshift mutation in the 
IFN-γ receptor 1 (R1). These MSCIFNγR1- cells failed 
to respond to IFN-γ in vitro but displayed the same 
ability to inhibit PBMC proliferation as wild-type 
MSCs. Additionally, IDO expression was com-
pletely absent and non-inducible in MSCIFNγR1- cells, 
yet they were still able to inhibit the proliferation of 
allogeneic PBMC.77 These findings clearly contest 
the notion that IFN-γ-stimulated IDO expression is 
required for MSCs to exert their inhibitory effects on 
immune cells. However, this does not rule out the fact 
that other factors can upregulate IDO. More recently, 
Lanz et al demonstrated that murine MSCs suppress 
the activation of myelin specific T cells independently 
of IDO.78 The pharmacological inhibition of IDO, 
using 1-MT, failed to rescue immunosuppression of 
MOG activated splenocytes. This can be explained 
by the observation that 1-MT is not a potent inhibitor 
of IDO.79 Work from our laboratory and others has 
shown that 1-MT, along with other pharmacological 
inhibitors, at best only offers partial inhibition of IDO 
 activity.  Moreover, the authors showed that in an EAE 
model, IDO gene ablation (IDO1-/- MSC) did not 
attenuate the therapeutic effects of MSCs. Both wild-
type MSCs and IDO1-/- MSCs reduced EAE clinical 
scores by a similar magnitude, potentially by inhibit-
ing proinflammatory cytokines, notably IL-17.78

Interestingly, there appears to be more species dif-
ferences between human and murine KP expression 
than what might be expected for an  evolutionarily 

 conserved pathway. Our group has found that in con-
trast to human MSCs, mouse MSCs do not experi-
ence significant IFN-γ inducible changes in the 
expression of several KP enzymes at the RNA level.79 
Such findings may explain the conflicting evidence 
outlined above. In the same paper, Croitoru-Lamoury 
et al showed that the inhibitory effects of KP activa-
tion are not limited to immune cells. In fact, IFN-γ 
inhibits the proliferation of both mouse and human 
MSCs through activation of the KP. The addition of 
excess tryptophan to cultures of MSCs stimulated 
with IFN-γ blocked the anti-proliferative activity 
of the cytokine on MSCs. Moreover, blocking IDO 
action by addition of 1-MT rescued cell viability of 
cytokine-stimulated MSCs. However, in long-term 
cultures of 50 days, addition of the IDO inhibitors 
norharmane and 1-MT did not recover the significant 
decrease in proliferation of IFN-γ-treated MSCs. The 
effect of IFN-γ-mediated activation of the KP on MSC 
proliferation was extended to investigate its effects on 
MSC differentiation. Based on the gene expression of 
recognized osteogenic and adipogenic differentiation 
markers (osteopontin, integrin-binding sialoprotein 
II, and adipsin, adipoQ, Fabp4 respectively), it was 
demonstrated that treatment with IFN-γ inhibited the 
gene expression of all these markers. Importantly, 
addition of norharmane to differentiation cultures 
partially recovered the gene expression of osteo-
pontin, adipsin, and adipoQ. Similar findings were 
extended to the neural differentiation of MSCs.79 
Taken together, this evidence points to a role for the 
KP in modulating essential stem cell functions: pro-
liferation and differentiation potential.

Neural stem cells
NSCs have been shown to express high levels of 
IDO mRNA and protein when activated by IFN-γ. 
This feature of NSCs was utilized in a cell-based 
assay to examine the effects of a number of naturally 
occurring anti-inflammatory phytochemicals on IDO 
expression. The authors suggested that the suppres-
sive effect of some of these compounds on IDO may 
account for their observed anti-tumor and neuro-
protective properties.80 Our group previously estab-
lished that much of the KP “machinery” is expressed 
in NSCs.79 Using murine NSCs, transcripts encoding 
all the major KP enzymes, were detected under basal 
conditions. On-going experiments in our  laboratory 
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are examining the expression and function of the 
KP in neural progenitor cells. We hope to ascertain 
whether modulation of the KP can affect the sur-
vival, proliferation, and differentiation of neural 
progenitor cells and ultimately their functional abil-
ity to remyelinate damaged neurons. This has huge 
potential to offer novel therapeutic opportunities for 
the treatment of inflammatory and neurodegenera-
tive disorders.

The KP has been implicated in the pathophysi-
ology of depression and its associated deficits in 
 neurogenesis. Zunsdain et al found that human hip-
pocampal progenitor cells constitutively express 
IDO and TDO and that treatment with IL-1β sig-
nificantly up-regulated IDO. IL-1β also induced a 
decrease in expression of the 3 major KAT enzyme 
isoforms, which catalyze the conversion of kynure-
nine (KYN) into the neuroprotectant kynurenic acid 
(KYNA). In contrast, transcripts for two enzymes 
that act along the neurotoxic branches of the KP, 
kynurenine 3- monooxygenase (KMO) and kynureni-
nase (KYNU), were increased. Thus, the authors 
postulated that IL-1β inhibits neurogenesis in human 
hippocampal progenitor cells by increasing neuro-
toxicity and supressing neuroprotection, although 
they provided no direct evidence. Treatment with the 
KMO inhibitor Ro 61-8048 partially reversed the det-
rimental effects of IL-1β on neurogenesis, confirming 
that the observed effects were mediated via the KP.81 
 Interestingly, the authors showed that IL-1β had con-
trasting effects on the differentiation and proliferation 
of neural progenitor cells; IL-1β inhibits neural dif-
ferentiation while promoting proliferation of undif-
ferentiated cells. It was postulated that this difference 
was facilitated through activation of the neurotoxic 
branch and inhibition of the neuroprotective branch 
of the KP during  differentiation. In contrast, IL-1β 
activated both the neuroprotective and neurotoxic 
branches in proliferating cells. A major limitation of 
this study was the use of a progenitor cell line under 
in vitro experimental conditions.

However, in vivo support for a role of the KP in 
NSC differentiation comes from a report exploring 
the function of the KP in neurogenesis and anxiety-
related behavior using TDO-/- mice.82 TDO-/- mice 
had significantly elevated plasma levels of trypto-
phan; however, concentrations of KYN and KYNA 
remained at physiological levels. IDO was suggested 

as the most likely candidate to compensate for the 
lack of TDO in maintaining downstream KP metab-
olite concentrations. In terms of the phenotype of 
neural progenitor cells, this study reported that there 
was a marked increase in the proliferation of NSCs in 
the subventricular zone of TDO-/- mice brains. This 
suggests that the KP is involved in regulating adult 
neurogenesis and possibly higher brain functions. 
Evidence to support the latter came from observations 
that TDO-/- mice displayed anxiety-related behavior 
in two classical behavior tests.

An investigation into the effect of alcohol expo-
sure on neural development in the foetus, treated 
human ESCs, neural progenitors and neurons with 
ethanol in vitro and analysed the metabolome of 
human ESCs during these stages of neurogenesis.83 
 Interestingly ethanol induced the significant alteration 
of tryptophan metabolism in human ESCs and NSCs. 
A  number of KP metabolites were elevated upon 
alcohol exposure including 3-hydroxy-L-kynurenine, 
5-hydroxy-L-kynurenine, L-kynurenine and indole-3-
acetaldehyde. This may provide potential biomarkers 
to help with the diagnosis of foetal alcohol spectrum 
disorders (FASD) and also suggests aberrant trypto-
phan metabolism plays a mechanistic role in FASD.

Therapeutic Applications
This review has discussed the considerable body of 
evidence suggsting that the KP plays a significant role 
in the development and function of stem cells. The 
clinical application of this knowledge is in its infancy, 
but there is promising evidence that targeting stem 
cells through the manipulation of the KP is clinically 
beneficial. Several synthetic tryptophan catabolites 
(Tranilast, Teriflunomide, and Laquinimod) are in 
phase II and phase III clinical trials for the preven-
tion of a number of autoimmune disorders, includ-
ing multiple sclerosis.84 Although it is thought the 
mechanistic action of these compounds is mediated 
largely through their immunosuppressive effect on 
T cells and NK cells, their influence on endogenous 
progenitor cells has not been investigated. Notably, 
in a recent double-blind, placebo controlled, phase III 
study investigating the efficacy of Teriflunomide in 
MS patients, treatment groups showed a significantly 
reduced risk of disability progression.85 This suggests 
a regenerative action above and beyond a solely anti-
inflammatory effect.

http://www.la-press.com


Jones et al

64 International Journal of Tryptophan Research 2013:6

Two studies outlined in this review identify KP 
metabolites in stem cells as potential biomarkers for 
neurodevelopmental disorders.42,83 In addition to their 
putative role as markers of disease, it is highly likely 
that the KP plays a mechanistic role in a number of 
cognitive and motor deficits associated with neuro-
degeneration. There is recent compelling evidence 
in both Drosophila86 and mice87 that the genetic and 
pharmacological inhibition of KMO reverses neuro-
degeneration in models of Alzheimer’s disease and 
Huntington’s disease. This effect was mediated by con-
comitant decrease in the neurotoxin 3-HK and increase 
in KYNA. Thus, use of KMO inhibitors should be 
explored at the clinical level. Interestingly, the mode of 
action of some antidepressant drugs has been linked to 
reducing KMO levels and stimulating KATs activity, 
which leads to the production of KYNA from KYN.88 
Ensuring the correct balance of neurotoxic and neuro-
protective KP metabolites in future stem cell therapies 
must be of prime  importance. This hypothesis is con-
sistent with clinical data demonstrating a decrease in 
KYNA levels in depressed patients.89

conclusion
In this review, we outlined the known links between 
the KP and stem cell biology. In ESCs and HSCs, 
there is relatively little known about the role of tryp-
tophan metabolism in their function. However, in 
the case of MSCs and NSCs, there exists a rapidly 
growing body of evidence demonstrating a crucial 
link between the KP and the role of these progeni-
tor cells in healthy and diseased tissue. The KP has 
significant potential for use in treating a wide range 
of inflammatory and degenerative diseases. The pre-
cise mechanistic role that progenitor cells play in 
this remains to be further elucidated. A better under-
standing of how KP metabolites impact stem cell 
populations may help to overcome some of the cur-
rent barriers preventing their use in animal models 
and enhance future therapeutic transplantation. This 
review heralds an exciting time for the exploration of 
tryptophan metabolism as a modulator of stem cell 
behavior.
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