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Shaping the glioma immune
microenvironment through tryptophan
metabolism

Michael Platten*'2, Michael Weller* & Wolfgang Wick'*

B The metabolism of the essential amino acid tryptophan by indoleamine-2,3-dioxygenase (IDO) is an
endogenous feedback loop restricting immune responses in tumors and sites of inflammation.

IDO inhibitors are currently tested in clinical trials in cancer patients with the aim of enhancing
antitumor immune responses.

B The conversion from tryptophan to kynurenine by tryptophan-2,3-dioxygenase (TDO) is an important
microenvironmental factor in malignant glioma.

Practice Points
| |

B Kynurenine promotes glioma growth and invasiveness while suppressing antitumor immunity in
glioma.

B The growth promoting and immunosuppressive effects of kynurenine are mediated by the aryl
hydrocarbon receptor (AHR) expressed in gliomas.

B Therapeutic interference with tryptophan catabolism at the level of TDO and AHR is attractive in glioma.

SUMMARY The metabolism of the essential amino acid tryptophan is a key
microenvironmental factor shaping the immunobiology of many tumor types. The current
concept suggests that in the tumor microenvironment, tryptophan is metabolized by
specialized dioxygenases, chiefly indoleamine-2,3-dioxygenase (IDO), which is expressed
by tumor cells and antigen-presenting cells. High IDO activity leads to the depletion of
tryptophan from the local microenvironment, while immediate tryptophan metabolites,
particularly kynurenine, accumulate to high micromolar levels. Both the depletion of
tryptophan and the accumulation of kynurenine lead to profound suppression of T-cell
responses. Orally active IDO inhibitors are currently being explored in clinical trials for their
efficacy in enhancing antitumor immune responses. Recent evidence points at alternative
routes of tryptophan catabolism via tryptophan-2,3-dioxygenase, which is particularly
expressed in malignant gliomas resulting in the production of high amounts of kynurenine.
Tryptophan-2,3-dioxygenase-derived kynurenine in turn leads to the promotion of glioma
growth and invasiveness and the suppression of antitumor immune responses by binding
to the aryl hydrocarbon receptor expressed in glioma cells and glioma-infiltrating T cells.
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These new data open up novel therapeutic approaches to alleviate glioma-mediated
immunosuppression. This review summarizes the current view on the relevance of tryptophan
metabolism as an important immunosuppressive, proinvasive and growth-promoting

metabolic pathway in malignant glioma.

As opposed to other tumor types, such as renal
cell cancer and melanoma, gliomas are not con-
sidered immunogenic tumors per se. Despite this
observation there is increasing evidence that
gliomas express and present tumor-associated
antigens resulting in natural T-cell responses
detectable in the peripheral circulation of glioma
patients [1]. This natural antitumor immunity,
however, often does not translate into efficient
antitumor immune responses, although current
immunotherapeutic approaches, such as vac-
cination with autologous dendritic cells loaded
with autologous tumor cell lysates or vaccina-
tion with tumor antigen or tumor-associated
antigen peptides, are capable of inducing strong
peripheral immune responses [2-4]. While some
clinical trials suggest that the degree of periph-
eral immune responses correlates with clinical
efficacy of the vaccine [2], solid evidence that
this is due to strong immune-mediated tumor
control is lacking. This question is particularly
difficult to address in gliomas as tumor tissue for
the analysis of intratumoral immune responses
is not as easily obtained as in tumors growing at
more accessible sites, such as the skin. Despite
these uncertainties it is generally accepted that
the tumor microenvironment — characterized
by hypoxia and metabolic shifts — of malignant
gliomas is particularly hostile for efficient anti-
tumor immune responses [5]. This is not only
an important factor limiting the efficacy of vac-
cination approaches. With increasing evidence
that natural tumor immunity induced by con-
ventional radiochemotherapy contributes to its
therapeutic efficacy [6], the immunosuppressive
tumor microenvironment has evolved as a key
factor in therapy resistance in general.

The CNS is generally considered an immune
privileged site, where antigen-specific T-cell
responses are passively and actively limited by
the restriction of pathogenic T-cell influx and
by the prevention of expansion and activation of
infilerating pathogenic T cells through resident
glial cells 7. The immune privilege can, how-
ever, be overcome, as exemplified by inflamma-
tory autoimmune diseases of the CNS, such as
multiple sclerosis where the destruction of myelin
sheaths and neurons is promoted by antigen-spe-
cific activation of pathogenic T cells within the
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CNS 8]. There is increasing evidence that the
same cellular and molecular pathways that fail
when autoimmunity in the CNS is initiated are
overly active in the glioma microenvironment to
prevent local antitumor immunity.

The common involvement of pathways in
restricting tumor immunity and autoimmunity
is illustrated by the metabolism of the essential
amino acid tryptophan. This metabolic pathway
is induced in the microenvironment of tumors or
sites of inflammation, resulting in the depletion
of tryptophan and the accumulation of kynuren-
ine and downstream metabolites, leading to sup-
pression of antigenic T-cell responses. After the
demonstration of its important role in regulating
immune responses in preclinical animal mod-
els of tumor immunity [9,10], autoimmunity [11],
infection [12], transplant rejection [13] and allergy
(14], and the discovery of its druggability [15],
therapeutic strategies are currently being devel-
oped to interfere with or exploit this pathway in
diseases with dysregulated immunity [16].

Immunological consequences of
tryptophan catabolism

The vast majority of ingested tryptophan is
catabolized along the kynurenine pathway. There
are two major rate-limiting enzymes responsible
for the first step of conversion: indoleamine-2,3-
dioxygenase (IDO) and tryptophan dioxygenase
(TDO). More recently an IDO isoform, termed
IDO2, with unclear significance in humans has
been described [17-19]. Tryptophan is constantly
metabolized systemically along the kynuren-
ine pathway through the hepatic activity of
TDO to generate NAD as a source of energy.
The conversion of kynurenine to NAD is enzy-
matically tightly controlled by several enzymes
producing the intermediate metabolites kyn-
urenic acid, 3-hydroxy-kynurenine, 3-hydroxy-
anthranilic acid, anthranilic acid, 2-amino-3-
carboxymuconate-semialdehyde, picolinic acid
and quinolinic acid . Due to constant
tryptophan intake, plasma levels of tryptophan
are generally maintained at 50-60 pM, while
kynurenine levels usually range between 1 and
2 pM. By contrast, in the microenvironment
of tumors or sites of inflammation the activ-
ity of rate-limiting dioxygenases, chiefly IDO,
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can substantially deplete tryptophan well below
physiological levels. This results in an imbal-
ance of tryptophanyl tRNA synthases towards
uncharged forms and subsequent activation of the
amino acid starvation-sensing response pathway
involving the broadly expressed general control
non-derepressible kinase (GCN2) [20]. Activation
of this pathway in T cells leads to anergy and
subsequent cell death, which is the reason why
local depletion of tryptophan by IDO in tumors
and inflammatory sites has been proposed as the
key ‘death by starvation” mechanism of immuno-
suppression. T cells lacking GCN2 in mice are
not susceptible to IDO-mediated anergy [21].
Of note, the GCN2 pathway is activated by the
limitation of various amino acids and by endo-
plasmatic reticulum stress [22]. As tryptophan
metabolism by IDO is induced by inflammatory
mediators, notably IFN-y, it is generally believed
to represent an endogenous mechanism restrict-
ing excessive immune responses as evidenced
in animal models of autoimmunity (1], allergy
(14] and infection [12]. Importantly, this pathway
appears to be a key factor in maintaining the
immune privilege, for instance in the placenta
(13]. In the context of cancer this feedback loop
is exploited by IDO-expressing tumor cells and
dendritic cells in tumor-draining lymph nodes,
where antitumor immune responses are sup-
pressed through the depletion of tryptophan [23].
The same metabolic consequences, particularly
in glioma cells, may be achieved by constitutive
activity of TDO [24.25].

In addition to tryptophan depletion, IDO
and TDO activity result in the accumulation
of immunosuppressive tryptophan metabo-
lites, kynurenines (kynurenine, kynurenic
acid and 3-hydroxykynurenine). These inter-
mediate metabolites may individually and/or
cooperatively result in T-cell death or anergy,
or — at lower concentrations — skewing of T-cell
responses to a regulatory phenotype [26]. With
the discovery of receptor-mediated pathways
activated by immunosuppressive kynurenines
(27.28], the relevance for kynurenine accumula-
tion in controlling tumor immune responses
has been demonstrated in malignant glioma as
a paradigmatic immunosuppressive tumor [24].

Tryptophan catabolism in the glioma
microenvironment

Human gliomas take up and metabolize tryp-
tophan as evidenced by PET [29]. The majority
of tryptophan uptake is believed to be mediated
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Figure 1. The kynurenine pathway. Trp is metabolized in the local
microenvironment by TDO or IDO or IDO2, resulting in a depletion of Trp and

an accumulation of Kyn. Trp depletion leads to T-cell anergy and apoptosis by
activating the GCN2 pathway. Kyn alters T-cell differentiation and suppresses
activation by binding the aryl hydrocarbon receptor AHR. Kyn is further
metabolized by enzymatic steps to KA, 30HKA, 30HAA, 2A3CS, PA and QA, which is
ultimately processed to NAD.

2A3CS: 2-amino-3-carboxymuconate-semialdehyde; 30HAA: 3-hydroxy-
anthranilic acid; 30HKA: 3-hydroxy-kynurenine; AHR: Aryl hydrocarbon receptor;
GCN2: General control nonderepressable 2; IDO: Indoleamine-2,3-dioxygenase;
KA: Kynurenic acid; Kyn: Kynurenine; PA: Picolonic acid; QA: Quinolinic acid;

TDO: Tryptophan-2,3-dioxygenase; Trp: Tryptophan.

by the large amino acid transport (LAT) sys-
tem, particularly LAT1, which is expressed in
gliomas and (even stronger) in the blood-brain
barrier and associates with the CD98 heavy
chain 4F2hc to transport branched amino acids
and neurotransmitters and or their precursors
such as L-DOPA [30]. LAT1 expression is asso-
ciated with a malignant phenotype in gliomas
(31-33]. Tryptophan metabolism in the glioma
microenvironment is mediated through expres-
sion of IDO and TDO in tumor cells, infilerat-
ing monocytes, resident microglial cells, endo-
thelial cells and neurons. The contribution of
these individual cell types to the net tryptophan
metabolism is unclear, but studies with cultured
and xenografted human gliomas suggest that
TDO activity in glioma cells accounts for the
majority of tryptophan metabolism, sufficient
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to deplete tryptophan from the serum of glioma
patients 24]. In addition, tryptophan metabolites
accumulate in the cerebrospinal fluid 34). The
kynurenine metabolite quinolinic acid (QA)
also accumulates in gliomas [24]. While glioma
cells themselves are not capable of generating
QA from kynurenine, microglial cells readily
produce QA from tryptophan after stimulation
with proinflammatory mediators [35]. The patho-
physiological relevance of QA accumulation in
gliomas is currently being investigated.

Nonimmune consequences of kynurenine
in gliomas

A potential explanation for the discrepancy
between strong cancer-suppressive effects when
IDO is inhibited pharmacologically versus the
limited capability of IDO-deficient mice to con-
trol (reject) experimental (transplanted) cancer
is that tryptophan metabolism drives tumor
growth in a direct, autocrine fashion. In most
preclinical cancer models, the tumor-suppressive
effect of IDO or TDO inhibition is abrogated
in immunodeficient hosts [9.10,25]. Biologically
relevant levels of kynurenine accumulate in
tumors constitutively expressing TDO [24,25],
possibly because the effects are largely mediated
by tryptophan depletion, to which T cells are
particularly sensitive [21]. In gliomas, high levels
of kynurenine (up to 50 ptM) accumulate both
in vitro and in vivo [24]. As opposed to immune
cells, kynurenine is beneficial for glioma cells as
it promotes clonogenic survival and enhances
cell motility. As TDO is the major determinant
for kynurenine production in gliomas, tumors
constitutively expressing TDO grow faster in
immunodeficient mice, even after the ablation of
innate immune components [24]. It is tempting
to speculate that the autocrine effects of kyn-
urenine on clonogenic survival of glioma cells
represent a unique feature of astrocytic brain
tumors, which may have adapted to utilize the
ability of kynurenine to activate cell survival
pathways, while lacking the ability to further
degrade kynurenine.

The aryl hydrocarbon receptor as a target
of kynurenine

Recent studies have demonstrated that the
mouse and human aryl hydrocarbon receptor
(AHR) is a direct target of kynurenine [24,27,28].
The broadly expressed AHR belongs to the basic
helix-loop-helix Per—Arnt—Sim transcription
factor family. It has originally been identified
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as a nuclear transcription factor that is bound
and activated by xenobiotics such as benzo|a]
pyrene and 2,3,7,8-tetrachlordibenzo-p-dioxin
(TCDD). The AHR function extends well
beyond just eliminating xenobiotics from the
body. Instead the AHR controls — in a cell-
type-specific manner — the transcription of
a multitude of genes that are involved in cell
growth and differentiation, malignant transfor-
mation and cell death. Endogenously produced
AHR ligands have subsequently been identified.
Among these are arachidonic acid metabolites,
bilirubin, cAMP, but also tryptophan metabo-
lites such as tryptamine, kynurenic acid and
6-formylindolo([3,2-b]carbazole. A prominent
role of the AHR in regulating immune responses
has been uncovered with the discovery that it is
enriched in IL-17-producing CD4* T cells (T ,17
cells) and that it controls the differentiation of
naive CD4" T cells to T ;17 or Tregs depending
on ligand avidity and affinity and the presence
of additional signals (36]. In multiple sclerosis,
the AHR appears to restrict autoimmunity by
favoring the generation of Treg, although AHR-
deficiency does not lead to an alteration of Treg
number and/or function [37,38]. The role of the
AHR in glioma immunity remains uncertain.
While our studies indicate that immunosuppres-
sive effects of kynurenine are mediated by the
AHR and affect CD8* T cells [24], it needs to
be proven whether the AHR-mediated altera-
tion of CD8* T-cell function is a direct effect or
mediated through T helper cells (or a distinct
cellular population).

The AHR controls tumorigenesis in a broader
context. While TCDD promotes cancer in an
AHR-dependent manner [39], transgenic mice
with a constitutively active AHR spontane-
ously develop tumors and the AHR repressor is
a tumor suppressor in multiple human tumors
(40.41]. The dichotomy between pro-survival
signals in cancer cells and suppressive effects
in immune cells is well established. The AHR
function appears to be tightly controlled by
the cell type and the local microenvironment,
resulting in the activation of several pathways
interfering with AHR signaling, such as the
hypoxia pathway. Hypoxia-inducible factor 1§
(HIF-1B) associates with the AHR to mediate
nuclear translocation, hence it is also referred to
as AHR nuclear translocator [42].

In glioma,s the AHR is stongly expressed and
promotes clonogenic survival and invasiveness
43]. AHR ablation suppresses glioma growth
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in immunocompromised hosts and the expres-
sion of AHR and its target genes in glioma tis-
sue are prognosticators for poor survival [24].
Collectively these data indicate that the AHR
promotes glioma growth both in a tumor cell
autonomous fashion and by suppressing anti-
tumor immune responses. While kynurenine
generated by TDO expressed in glioma cells
appears to be the major determinant driving
constitutive AHR activity in glioma cells [24],
other factors can certainly not be ruled out.

The AHR regulates a plethora of target genes
in gliomas capable of driving glioma growth
and invasiveness including TGF-, an impor-
tant proinvasive and immunosuppressive fac-
tor in gliomas (43, but also IL-1b, IL-6, IL-8,
epiregulin and aldehyde dehydrogenase 1 fam-
ily, member A3 [24]. The relevant downstream
pathways are the subject of current investiga-
tion. It will also be important to delineate the
role of hypoxia, which is a hallmark of the
glioma microenvironment, for AHR signaling.
It is tempting to speculate that these pathways
interfere in gliomas as AHR and HIF-1a. may
compete for HIF-1P to deliver transcriptional
activity with consequences for both AHR and
HIF-1la signaling pathways.

Tryptophan catabolism as a therapeutic
targetin glioma

IDO has long been the focus of drug develop-
ment, mainly in cancer, with the aim of enhanc-
ing antitumor immunity. Originally, the L-isomer
of methylated tryptophan (1-L-MT), which is a
competitive inhibitor of IDO, had been tested and
proven efficacious in preclinical models of trans-
planted cancer in combination with preventive
vaccination or chemotherapy [9.10]. Nevertheless
(and surprisingly), the D-isomer 1-D-MT showed
superior (IDO-dependent) activity in cancer ani-
mal models when combined with chemotherapy,
although it does not block IDO directly but rather
IDO?2 activity [44]. Despite off-target effects of
1-D-MT, specifically its ability to induce MAPK
and JNKs, potentially weakening its immuno-
stimulatory effects in humans through transcrip-
tional activation of IDO [45], 1-D-MT has been
the first IDO inhibitor to enter Phase II clinical
testing in patients with advanced solid cancer in
conjunction with conventional chemotherapy
or vaccination approaches. Meanwhile, several
compounds with noncompetetive IDO inhibi-
tory activity at much lower concentrations than
methylated tryptophan have been identified and
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entered clinical trials [46]. The recent discovery of
TDO as an alternative dioxygenase shaping the
immunobiology of cancer, particularly malignant
glioma, has sparked the search for TDO inhibi-
tors. Indeed, with the known TDO inhibitor
3-(2-(pyridyl)ethenyl)indole (680C91) [47] as a
backbone, an orally active, stable and nontoxic
TDO inhibitor termed LMI10 has recently been
developed and shown to display immunostimula-
tory activity in preclinical cancer models, enhanc-
ing the efficacy of therapeutic vaccines [25.48].
Future studies will demonstrate whether TDO
inhibition in general and LM10 in particular will
be feasible for use in humans without generat-
ing liver toxicity. Preclinical studies indicate that
pharmacological inhibition of TDO with LM10
does not result in relevant toxicity especially with
respect to liver function [25]. One concern is a
potential compensatory upregulation of systemic
kynurenine levels as seen in the TDO-deficient
mice [49]. Of note, while catalyzing the same
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ARNT AHR
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Figure 2. Tryptophan catabolism in the glioma microenvironment. In glioma
cells, Trp is transported from the extracellular space through the LAT1, where it is
metabolized to Kyn by TDO. Intracellularly, Kyn binds to the AHR, which couples
with AHR nuclear translocator ARNT to translocate to the nucleus where it activates
cell type-specific target genes signaling cell survival and motility by binding DRE in
the promoter sequences. Kyn is also excreted and taken up by neighboring T cells,
where - through the same signaling cascade - target genes are activated, which
signal growth arrest and tolerance (see ).

AHR: Aryl hydrocarbon receptor; ARNT: Aryl hydrocarbon receptor nuclear
translocator; DRE: Dioxin responsive elements; Kyn: Kynurenine; LAT1: Large amino
acid transport system 1; TDO: Tryptophan-2,3-dioxygenase; Trp: Tryptophan.
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enzymatic step, IDO and TDO are structur-
ally distinct, which is the reason why most IDO
inhibitors are not active against TDO and vice
versa [50]. It is also conceivable that blocking TDO
with a blood-brain barrier-permeable inhibitor
could result in CNS side effects. Nevertheless
current studies clearly demonstrate that IDO and
TDO are druggable with compounds that are tol-
erated after systemic application, and that com-
bining anti-IDO and anti-TDO therapies may
increase the efficacy of reversing cancer-induced
immunosuppression [25].

Conclusion & future perspective

With the increasing knowledge of the functional
consequences of tryptophan catabolism for the
microenvironment of tumors, particularly malig-
nant gliomas, novel therapeutic options have
opened. While a first-generation IDO inhibitor
— 1-methyl-D-tryptophan — has entered Phase II
clinical trials in patients with solid cancers, sev-
eral newly identified compounds are now mov-
ing to early clinical testing. As malignant glio-
mas display strong TDO activity, compounds
such as LM10 may be more promising [48].
LMI0 is still in preclinical testing but did not
show overt toxicity in mice [25]. Also, clinically
approved drugs may exert antitumor function, in
part through modulation of tryptophan catabo-
lism as recently demonstrated for the tyrosine
kinase inhibitor imatinib, which blocks IDO
expression [s1]. Based on evidence from genetic
ablation in preclinical gliomas models, blocking
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