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Abstract

Glioblastoma (GBM) progression is associated with metabolic remodeling in both glioma and 

immune cells, resulting in the use of aerobic glycolysis as the main source energy and biosynthetic 

molecules. The transcription factor HIF-1α drives this metabolic reorganization. Oxygen levels as 

well as other factors control the activity of HIF-1α. In addition, the ligand-activated transcription 

factor AHR modulates tumor-specific immunity and can also participate in metabolic remodeling. 

AHR activity is regulated by tryptophan derivatives present in the tumor microenvironment. Thus, 

the tumor microenvironment, signaling via HIF-1α and AHR, regulates the metabolism of gliomas 

and immune cells, modulating tumor-specific immunity and consequently, tumor growth. Here, we 

will review the roles of HIF-1α and AHR in cancer and immune cell metabolism in glioblastoma.
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Metabolic alterations associated with cancer

Metabolism is a complex set of coordinated biochemical reactions that support the 

bioenergetic needs of the cell and maintain basic life processes such as growth and 

differentiation. Depending on the availability of nutrients and environmental cues, different 

metabolic pathways are used by specific cell types to produce energy. Most cells utilize 

oxidative phosphorylation to obtain the energy needed to support their needs from glucose 

[1]. Oxidative phosphorylation involving the mitochondrial tricarboxylic acid (TCA)/Krebs 

cycle, is very efficient in the production of energy in the form of adenosine 5′-triphosphate 

(ATP). Under hypoxic conditions, glucose participates in the less energetically efficient 

anaerobic glycolysis [2]. Cancer cells, however, support their metabolism through 

glycolysis: aerobic glycolysis (the so called Warburg effect) or anaerobic glycolysis under 

normoxic or hypoxic conditions, respectively [3]. Although aerobic glycolysis produces less 

Correspondence: Francisco J. Quintana (fquintana@rics.bwh.harvard.edu), Ann Romney Center for Neurologic Diseases, Harvard 
Medical School, 60 Fenwood Road, Boston, MA 02115, USA. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Trends Endocrinol Metab. Author manuscript; available in PMC 2018 June 01.

Published in final edited form as:
Trends Endocrinol Metab. 2017 June ; 28(6): 428–436. doi:10.1016/j.tem.2017.02.009.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ATP than oxidative phosphorylation, this process provides biosynthetic molecules needed to 

support the proliferation of cancer cells [2]. Therefore, augmented glycolysis is considered a 

hallmark of cancer metabolism.

The hypoxia-inducible factor (HIF) is a transcription factor that is activated in response to 

reduced oxygen levels and other environmental changes. HIF plays a central role in sensing 

environmental cues and coordinating the transcriptional control of metabolic pathways that 

drive glycolysis [4]. Aryl hydrocarbon receptor (AHR) is a transcription factor that is 

activated by small molecules provided by the diet, the gut flora, the metabolism, and the 

environment [5]. In the context of GBM the activity of AHR is controlled by tryptophan 

derivatives present in the tumor microenvironment. AHR has been shown to cooperate with 

HIF-1α to control immune responses and the differentiation of type 1 regulatory T cells [6]. 

AHR also has additional well-established functions in the immune response, controlling the 

generation of effector and regulatory T cells, while also modulating the innate immune 

response [7–12]. This review will focus on the roles of HIF-1α and AHR in abnormal 

metabolic processes that contribute to the pathogenicity of the most aggressive and currently 

incurable primary brain tumor of a glioma type, glioblastoma.

Glioblastoma

GBM is the highest-grade glioma (Grade IV) according to World Health Organization 

(WHO) classification and belongs to the most malignant form of brain tumors. It is an 

incurable disease despite the use of aggressive treatments that include surgery and 

radiotherapy, usually in combination with chemotherapy [13]. GBM utilizes several 

mechanisms to achieve fast growth and dissemination in the brain parenchyma, among them 

are rapid proliferation, invasion, the promotion of angiogenesis and the induction of 

immunosuppression [14, 15]. Gliomas actively recruit cells of the peripheral immune system 

by releasing several chemokines, such as CCL2 [16–19]. Once within the tumor 

environment, immune cells are exposed to immunomodulatory cytokines and factors, such 

as TGFβ1 [20], resulting in the suppression of tumor-specific immunity. Thus, the 

recruitment of peripheral immune cells into the tumor suppresses tumor-specific immunity 

and promotes tumor growth.

Myeloid cells, such as macrophages and microglia, infiltrate the GBM to which they are 

attracted, at least partly, by the chemokine CCL2 [18, 21–23]. Myeloid cells comprise the 

predominant immune cell population in GBM tissue; indeed, their abundance correlates with 

the GBM grade [17, 20, 24]. Notably, within the tumor microenvironment, macrophages 

acquire a tumorigenic antiinflammatory phenotype [17, 25]. As a result, these glioma-

infiltrating macrophages support glioma invasion, angiogenesis and suppress GBM-specific 

immunity [15, 24, 25]. Other types of immune cells, such as T and B lymphocytes, NK cells 

and DCs infiltrate gliomas to a lower extent [26]. Some reports demonstrate that a higher 

degree of infiltration by CD8+ T cells in brain tumors is associated with less aggressive 

disease while CD4+ Treg infiltration is linked to poor outcome, however the association of 

other immune cells with disease prognosis should be further investigated [27]. Finally, the 

molecular mechanisms regulating the immunosuppressive activities of immune cells in 

GBM and potential therapeutic targets to interfere with this process are mostly unknown.
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The malignancy of GBM is manifested by its high proliferation rate, ability to invade the 

surrounding brain parenchyma and immunosuppression. These aspects of GBM malignancy 

are supported by the manipulation of a number of biological pathways to exploit not only 

intracellular tumor resources but also the microenvironment provided by surrounding cells 

[28]. Augmented glycolysis or Warburg effect [3, 28, 29] and abnormal tryptophan 

catabolism [30] are hallmarks of GBM. Specifically, Xiong and colleagues observed that a 

mutated form of a critical component of the TCA cycle, isocitrate dehydrogenase 1 (IDH1), 

is associated with HIF-1α-mediated carcinogenesis. Their findings provide an important line 

of evidence that links metabolic dysfunction, through disruption of the IDH1 pathway and 

increases in HIF-1α activity, to increased transcriptional activity leading to more aggressive 

glioma growth.

In addition, Michael Platten’s group reported that kynurenine, an endogenous ligand for the 

transcription factor AHR derived from tryptophan is produced by glioma cells. The group 

suggested that the kynurenine-AHR pathway contributes to GBM pathology by increasing 

the growth and motility of tumor cells and suppressing the immune response. Therefore, to 

understand the role of metabolism in GBM pathology it is important to link specific 

metabolic signaling pathways to specific cell populations in the tumor microenvironment.

Multiple lines of evidence indicate that the increase in aerobic glycolysis detected in GBM 

supports the elevated nutrient demands of fast proliferating cancer cells by providing lipid 

and nucleotide biosynthesis [28]. In addition, this increased glycolysis has important effects 

on tumor-specific immunity and consequently, tumor pathogenesis [31, 32]. Indeed, the 

Warburg effect also promotes the production of lactate in anaerobic conditions, which 

attracts immune cells to the tumor microenvironment where they are imprinted with a tumor 

suppressing phenotype [33–35]. For example, excessive accumulation of lactic acid in the 

tumor microenvironment can lead to disruption of the lactic acid gradient between the 

intracellular space of lymphoid cells and the extracellular milieu [21]. Through this 

mechanism, T-cells can no longer export intracellular lactic acid efficiently, which leads to a 

disruption of metabolic processes and a consequent decrease in T-cell function. Lactic acid 

can activate the IL-23/IL-17 pathway, which is a canonical pro-inflammatory pathway [21]. 

However, lactic acid acts on tumor associated macrophages to polarize them toward an M2 

state, augmenting tumor growth rates through a mechanism contingent on HIF-1α [33]. 

Therefore, lactic acid is an oncometabolite with important functions in cellular 

communication in the tumor microenvironment, which can reprogram immune cells, such as 

T-cells and macrophages, to become pathologic tumor-assisting agents. Moreover, the tumor 

microenvironment activates HIF-1α and AHR signaling to promote the metabolic 

reprogramming of immune cells and further modulate anti-tumor immunity [29, 30]. Thus, 

metabolic adaptation and the changes it imposes on the tumor microenvironment promote 

GBM survival and propagation by acting both on glioma and immune cells. Although 

several pathways contribute to GBM pathology, we will focus on the roles of HIF-1α and 

AHR signaling.
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HIF-1α

HIF-1α signaling in cancer cells contributes to tumor progression by promoting 

angiogenesis, invasion, metastasis and the recruitment of immunosuppressive cells via 

secreted modulators [36, 37]. One example of a HIF-1α immunosuppressive pathway is 

through increased expression of inducible nitric oxide synthase (iNOS), which can act on 

myeloid cells to impair immune cell recruitment to tumors [38]. Similarly, HIF-1α activity 

regulates the chemotactic properties of immune cell-mediated tumor infiltration by 

increasing vascular endothelial growth factor (VEGF) production from endothelial cells 

[39]. VEGF binds to its receptor, neuropilin-1, and attracts Tregs to the tumor site, which is 

a positive regulator of tumor growth and is therefore associated with worse survival 

outcomes. Similar relationships were observed for TGF-β, which is secreted by malignant 

cells to attract Tregs to GBM and prevent the killing of cancer cells [23]. HIF-1α has been 

identified as an important driver of the Warburg effect in several tumors, including GBM 

[40–42]. Hypoxia, a condition of reduced oxygen supply in tissue, is a well-characterized 

trigger of HIF-1α dependent signaling. Under normoxic conditions, prolyl hydroxylase 

domain-containing proteins (PHD) promote the degradation of HIF-1α, while the HIF-1α 
inhibitor protein (gene: Hif1an) suppresses its transcriptional activity [42, 43]. However, 

PHD proteins and the HIF-1α inhibitor are inactivated by hypoxia, resulting in HIF-1α 
stabilization and the induction of HIF-1α—dependent cellular responses such as promoting 

angiogenesis, regulating immune cell tumor infiltration, and exerting control over anaerobic 

and aerobic metabolic processes [37, 43]. HIF-1α is frequently up-regulated in solid 

malignances, such as GBM, due to the hypoxic conditions that characterize the tumor 

microenvironment [41]. HIF-1α is also activated by additional stimuli besides low oxygen 

tension, such as extracellular ATP [41, 44] or lactate [33].

HIF-1α complexes with HIF-1β (also known as the AHR nuclear translocator, ARNT) to 

regulate the expression of target genes [45]. The HIF-1α/HIF-1β complex translocates to the 

nucleus to control the expression of genes that contain hypoxia response consensus 

sequences (HREs) in their regulatory regions [40, 46]. HIF-1α is an important regulator of 

the expression of glycolytic enzymes under hypoxic conditions [47]. For example, HIF-1α 
promotes the expression of hexokinase 2 (HK2), an enzyme up-regulated in GBM that plays 

a critical role in the initiation of glycolysis [48, 49]. HIF-1α also promotes the expression of 

the pyruvate dehydrogenase kinase 1 (PDK1), which inhibits pyruvate dehydrogenase 

thereby limiting the entry of pyruvate into the TCA cycle [50]. Thus, HIF-1α increases 

glycolysis by direct stimulation of key components of this metabolic pathway. Surprisingly, 

HIF-1α and its close isoform HIF-2α may have opposing activities in cancer depending on 

the cellular context [51, 52]. Moreover, HIF-1α and HIF-2α are relatively ubiquitous in cells 

but are regulated differentially. For instance, HIF-1α expression increases under hypoxic 

conditions while HIF-2α expression is increased with higher oxygen levels [43]. Production 

of nitric oxide (NO) is dependent on differential expression of HIF-1α and HIF-2α, which 

are themselves regulated by IFN-γ [43, 53, 54]. NO production controls immune cell 

migration to the tumor site and high NO levels, caused by HIF-1α, lead to 

immunosuppressive functions. However, only HIF-2α but not HIF-1α is associated with 

poor prognosis in glioma [55, 56]. These effects are thought to be mediated at least partially 
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through the inhibition of stem-like features of tumor cells, thereby arresting tumor growth 

[55].

Additional mechanisms enhance glycolysis in glioma. IDH1, for example, is found to be 

mutated in 20% of GBM cases, especially in younger patients [57, 58]. IDH1 is a critical 

component of the TCA through the generation of alpha-ketoglutarate, a metabolite that 

destabilizes HIF-1α. A unique CpG island methylation pattern was identified in GBM 

patients bearing IDH1 mutations [59]. Importantly, the mutant form of IDH1 can inhibit the 

activity of normal IDH1 in a dominant fashion. Moreover, mutated IDH1 increases the levels 

of HIF-1α by protecting it from degradation [29, 60, 61]. In gliomas that express a mutated 

form of IDH1 (R132H), HIF-1α transcriptional activity is increased, which leads to 

worsened glioma outcomes, at least partially through HIF-1α as a result of increased 

angiogenesis and other HIF-1α dependent processes that occur in hypoxic environments. 

Similar effects have been described in association with over-expressed microRNAs that 

correlate with poor survival in GBM. Indeed, miR-148a and miR-31 which involve HIF-1α 
signaling were shown to regulate glioma growth and angiogenesis [62]. Thus, in addition to 

hypoxia and other metabolic changes associated with the tumor microenvironment, IDH1 

mutations and epigenetic changes accompanying GBM activate HIF-1α, reinforcing the 

metabolic remodeling that promotes tumorigenesis and glioma pathogenesis.

Interestingly, hypoxia and enhanced Warburg effect ultimately lead to increased lactate 

production. The accumulation of lactate results in an acidic tumor microenvironment, which 

induces local inflammation. Lactate also promotes the polarization of macrophages that 

express immunosuppressive arginase 1 and boost tumor growth through a mechanism 

mediated by HIF-1α [33]. Attracted immune cells then promote immune suppression, 

providing an advantage for tumor cell proliferation [34, 35]. Thus, changes in the tumor 

microenvironment resulting from metabolic alterations attract immune cells and modulate 

their function, suppressing tumor-specific immunity and facilitating tumor proliferation.

Physiologic conditions different from hypoxia can also activate HIF-1α in immune cells 

associated with GBM pathogenesis. For example, the activation of CD4+ T helper 17 

(Th17), CD4+ type 1 regulatory T cells (Tr1 cells) and CD8+ T cells (cytotoxic T 

lymphocytes, CTLs) results in HIF-1α stabilization in an oxygen-independent manner [6, 

63–66]. In these cells, HIF-1α signaling is thought to reflect the activation of mTORc1 [66, 

67]. The stabilization of HIF-1α in these cells leads to increased glycolysis that supports the 

metabolic requirements of proliferating cells following their stimulation. For example, 

Finlay et al. showed that the HIF-1 pathway sustains the expression of several genes that 

control glycolysis and pyruvate metabolism in effector CD8+ T cells [67]. However, it 

should be noted that although the later stages of the glycolytic process are significantly 

impaired, the early processes of glycolysis are intact in the context of HIF-1 deficiency in 

effector CD8+ T cells [67]. Moreover, HIF-1-deficient CD8+ T cells show reduced 

trafficking and expression of granzymes and perforin, indicating that HIF-1 supports 

cytotoxic effector responses in CTLs [67]. Supporting the involvement of HIF-1 in activating 

cytolytic effector molecules, CD8+ T cells cultured under hypoxic conditions up-regulate 

perforin expression. These findings explain earlier observations demonstrating that CTLs 
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exhibit cytotoxic activity under hypoxia [68]. Collectively, these data suggest that HIF-1α 
activation may impact the effector function of tumor-specific T cells.

HIF-1α also influences the differentiation of helper T cell lineages that play an important 

role in GBM pathogenesis [63, 66]. For example, HIF-1α promotes the generation, 

maintenance and function of Th17 cells [63, 66, 69]. In addition, HIF-1α promotes Foxp3 

ubiquitination and its degradation by the proteasome in Th17 cells [63], suppressing Foxp3+ 

Treg differentiation. Conversely, the expression of HIF-1α is reduced under conditions 

promoting Foxp3+ Treg differentiation [66]. These findings suggest that aerobic glycolysis 

promotes Th17 cell differentiation. Indeed, the blockade of glycolysis inhibits Th17 cell 

generation while stimulating Foxp3+ Treg cell development [66]. Finally, HIF-1α signaling 

in antigen presenting cells has been shown to modulate their ability to promote the 

differentiation of Th1 cells and Foxp3+ Tregs [70]. Collectively, these findings suggest that, 

besides its direct role in cancer cell metabolism, HIF-1α is an important factor in the control 

of tumor-specific immunity.

In summary, HIF-1α regulation and function in GBM seems to be complex and deserves 

further investigation. HIF-1α can be activated in glioma and immune cells infiltrating the 

tumor by multiple factors, including hypoxia, inflammation, ATP levels and IDH mutation 

state. The exact mechanism that drives HIF-1α function in GBM is not clear and it seems 

that HIF-1α activity is context and time dependent. By signaling through different cells in 

glioma microenvironment, HIF-1α can overall promote tumor growth by a number of 

mechanisms, such as tumor cell invasion, angiogenesis and immune suppression. While a 

link between HIF-1α and patient’s outcome needs to be established, it is possible that 

HIF-1α pathologic activity is associated with a specific genetic subtype of GBM. Additional 

work should be performed to resolve the impact of HIF-1α signaling in different cells of 

GBM on the net disease outcome.

AHR

AHR has been linked to several forms of cancer, including GBM [30, 71, 72]. In addition, 

the expression of the AHR repressor (AHRR) is down-regulated due to hyper-methylation in 

a number of human malignancies [73]. The regulation of AHR expression has not been well 

described in cancer. NF-kB, dysregulated in cancer, has been shown to activate directly the 

transcription of AHR in immune cells implying its potential role in the transcriptional 

regulation of AHR in cancer [74]. AHR acts as a receptor for ligands provided by the diet, 

gut flora, metabolism and environment. The inactive, cytosolic AHR is part of a protein 

complex that includes the 90 kDa heat shock protein (HSP90), the c-SRC protein kinase and 

the AHR—interacting protein Ara9. Ligand binding triggers conformational changes that 

expose a protein kinase C target site, phosphorylation of which triggers the translocation of 

the AHR to the nucleus and the dissociation of the AHR/HSP90/c-SRC complex. In the 

nucleus, AHR partners with ARNT to control the expression of target genes. AHR can also 

trigger non-genomic signaling pathways independent of its role as a transcription factor [45]. 

One of these pathways results from the release of c-SRC from the AHR/HSP90/c-SRC 

complex, enabling c-SRC to then target multiple cellular targets [45].

Gabriely et al. Page 6

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recent studies have demonstrated that AHR plays an important role in the interplay between 

cancer metabolism and tumor-specific immunity. Tryptophan catabolism is increasingly 

recognized as a metabolic pathway that promotes tumorigenesis through its role in immune 

suppression [75]. The rate-limiting enzymes tryptophan-2,3-dioxygenase (TDO) and 

idoleamine-2,3-dioxygenase (IDO), expressed by tumor cells and antigen presenting cells, 

are thought to drive the increased catabolism of tryptophan in cancer [30, 76]. This 

metabolic pathway is up-regulated in several tumors including GBM, where it creates an 

immunosuppressive microenvironment through the depletion of the essential amino acid 

tryptophan and the generation of immunomodulatory tryptophan metabolites such as 

kynurenine (Kyn), which suppresses T cell function and induce apoptosis [77]. Importantly, 

Kyn is an agonist of AHR. Indeed, AHR activation by Kyn promotes Foxp3+ Treg 

differentiation, supporting earlier reports of a role of AHR in Tregs [9, 78]. Of note, AHR 

also promotes the differentiation of IL-10 producing Tr1 cells [7, 8], which together with 

Foxp3+ Tregs have been shown to contribute to tumor-associated immunosuppression [79]. 

In addition, AHR has also been linked to Th17 differentiation [79, 80]. However, detailed 

analyses suggest that AHR is more associated with non-pathogenic Th17 cells [80, 81]. 

Indeed, it has been shown that AHR drives the expression of the ectoenzyme CD39, which 

together with CD73 promotes the production of immunosuppressive adenosine. CD39-

expressing Th17 cells with suppressive function have been associated with tumor 

immunosuppression [82].

AHR also regulates the function of dendritic cells (DC) [45], modulating their ability to 

promote the differentiation of effector and regulatory T cells [11, 13, 83]. AHR affects 

antigen presenting cell function through several mechanisms. AHR induces the production 

of Kyn and retinoic acid (RA) by DCs, boosting the differentiation of Tregs and interfering 

with effector T cells [84]. AHR also suppresses NF-kB activation in DCs through a 

mechanism mediated by SOCS2 [85], consequently interfering with the production of 

cytokines that promote effector T cell differentiation. In addition, AHR controls the activity 

of resident cells in the central nervous system with inflammatory function, such as astrocytes 

and microglia [12], which play important roles in the control of the tumor 

microenvironment. Collectively, these data suggest that Kyn produced by tryptophan 

metabolism in GBM triggers AHR-dependent effects in multiple components of the immune 

system to impair tumor-specific immunity.

Less is known about the direct role of AHR in the metabolism of cancer cells. Opitz et al. 
recently reported that TDO in glioma cells produce Kyn, which acts in an autocrine manner 

to activate AHR and increased tumor growth and invasiveness [30] and can potentially 

activate AHR on tumor-infiltrating immune cells. Thus, AHR signaling could be elevated in 

both glioma and inflammatory immune cells in GBM. Taken together, these findings suggest 

that AHR activation by tryptophan metabolites acts on gliomas and immune cells to promote 

GBM pathogenesis.

Of note, Kyn was proposed as a novel biomarker for meningioma grades as it correlates with 

cancer pathology, further implicating the role of AHR in brain tumors [86]. Thus, tryptophan 

metabolites and other tumor-associated AHR ligands may offer useful biomarkers to stratify 

cancer patients for immunotherapy.
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Cross-talk between AHR and HIF-1α

AHR- and HIF-1α-dependent signaling pathways have several points of contact, with 

important biological consequences. Both AHR and HIF-1α are environmental sensors [87] 

that dimerize with the same partner (HIF-1β/ARNT) to exert their biological effects [45]. 

Studies using HIF-1β-deficient T cells demonstrated that HIF-1β/ARNT is needed to sustain 

glycolysis in CD8+ effector T cells [67]. This evidence, therefore, suggests a functional 

cross-talk between AHR and HIF-1α signaling pathways. Another common binding partner 

of HIF-1α and AHR, chaperone HSP90, can provide an additional link between two proteins 

[88].

It has been recently shown that AHR and HIF-1α cooperate to support the metabolism of 

Tr1 cells [6]. Interestingly, AHR and HIF-1α act sequentially to orchestrate the metabolic 

remodeling of lymphocytes. While HIF-1α regulates the early metabolic reprogramming of 

Tr1 cells, AHR takes over at later time points, inducing HIF-1α degradation. This cross-

regulation between AHR and HIF-1α may also operate in other cell types. For example, 

lipopolysaccharide induces AHR and HIF-1α expression in macrophages, and both 

pathways have been independently shown to affect the biologic response of these cells [89, 

90]. Thus, it is possible that AHR and HIF-1α cooperate to regulate the response of 

macrophages and other cell populations implicated in GBM pathology. Therefore, by acting 

both in gliomas and immune cells in the tumor microenvironment, AHR and HIF-1α may 

synergize to support GBM malignant growth.

Concluding remarks

Hypoxia and enhanced tryptophan metabolism characterize the cancer microenvironment. 

These metabolic features of the tumor microenvironment induce the activation of HIF-1α 
and AHR signaling to regulate the metabolic reprograming of glioma and immune cells and 

to activate specific transcriptional programs that interfere with tumor-specific immunity. The 

combined effect of these pathways is the amplification of glioma pathogenesis (Fig. 1). A 

number of questions, however, remain open and need to be addressed by future studies (see 

Outstanding Questions). For example, it is important to delineate the effects of tryptophan 

metabolites on different cells comprising the GBM microenvironment, the contribution of 

AHR and HIF-1α in these effects and their potential as therapeutic targets. The successful 

results reported in recent checkpoint inhibitor clinical trials highlight the potential of 

immunotherapeutic approaches for cancer [90–95]. Thus, considering their dual roles as 

regulators of both glioma and immune cells, HIF-1α and AHR offer new and exciting 

opportunities for therapeutic intervention.
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Outstanding Questions Box

• What is the primary signal that initiates metabolic changes in GBM: low 

oxygen or kynurenine accumulation?

• Is the function of HIF-1α and AHR coordinated in the GBM 

microenvironment? What is the role of ARNT in this process?

• How do AHR and HIF-1α affect immune cells in the tumor 

microenvironment to support gliomagenesis?

• What is the contribution of AHR and HIF-1α signaling in different immune 

cells (e.g. effector T cells, Tregs and myeloid cells) to GBM pathogenesis?

• What is the potential of metabolism as a therapeutic target for GBM?

• What other metabolic pathways are involved in gliomagenesis?
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Trends Box

• Metabolic remodeling in tumor and immune cells promotes GBM 

malignancy.

• In addition to the well-characterized Warburg effect, tryptophan catabolism 

contributes to gliomagenesis through a kynurenine/AHR signaling pathway.

• HIF-1α and AHR sense metabolic changes in tumor environment and 

promote glioma progression by signaling in cancer and also, in immune cells 

such as CD4 and CD8 T lymphocytes and macrophages.
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Figure 1. Factors in the tumor microenvironment drive immunosuppression in GBM
Soluble factors in the periphery and tumor microenvironment can shift adaptive and innate 

immune cell function to an immunosuppressive state. Microbiota products and onco-

metabolites provide AHR agonists that inhibit inflammatory cytokine production by 

dendritic cells and macrophages, favoring the differentiation of CD4+ Treg cells. Moreover, 

hypoxic microenvironments favor tumor growth by inducing pro-tumorigenic macrophage 

polarization.
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