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Sustained transcriptional activation of the aryl hydrocarbon

receptor (AhR) promotes tumour growth and impairs the

immune defence, at least for cutaneous melanoma and glioma.

AhR ligands are produced by the tumour microenvironment

(TME) and by the tumour itself (intracrine). The recent

identification of interleukin-4-induced-1 (IL4I1), a parallel

pathway to indoleamine 2 3-dioxygenase 1 (IDO1)/ tryptophan

2,3-dioxygenase (TDO), and its ability to generate AhR ligands,

confirms that a complete inhibition of AhR ligand production

might be difficult to reach. Here, we have focused on recent

discoveries explaining the large varieties of AhR ligands and the

functional consequences in terms of cancer cell plasticity and

consecutive therapy resistance. We also examined therapeutic

strategies targeting the AhR signalling pathway and their

possible adverse effects. Since the end of 2019, two phase I

clinical trials have investigated the ability of the AhR antagonist

to ‘reset’ the immune system and re-sensitize the cancer cells

to therapies by preventing their dedifferentiation.
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Introduction
The ubiquitous AhR protein belongs to the basic helix-

loop-helix/Per-Arnt-Sim (bHLH/PAS) family. AhR
www.sciencedirect.com 
(bHLHe76) is widely distributed in tissues and species

[1]. It is found in the fruit fly Drosophila melanogaster, the

nematode Caenorhabditis elegans, the zebrafish Danio rerio,
the pufferfish Takifugu rubripes and other model species,

facilitating basic investigations of this bHLH/PAS tran-

scription factor [1,2]. In vertebrates, this receptor has

evolved to bind structurally different ligands, including

xenobiotics (e.g. aryl hydrocarbons (AH)) [3]. Sustained

AhR activation and AhR loss-of-function are deleterious,

suggesting that minimal AhR activity is healthy [4�,5,6].
To prevent the deleterious effects of AhR persistent

activation, it seems important to consider the diversity

of AhR ligands released by bacteria, yeast, fungi, normal

and cancer cells, as reviewed in other articles [3,7–10].

Thus, we detailed only the recent findings on AhR

ligands and the therapeutic opportunities to short-circuit

the AhR signalling pathway.

AhR, an ubiquitous transcription factor, acts as a sensor

A wide variety of compounds coming from different

sources can be sensed by AhR. Among them, environ-

mental compounds of the halogenated aromatic hydro-

carbons (HAH)/polycyclic aromatic hydrocarbon (PAH)

family (i.e. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD))

have been thoroughly characterized for their toxic side

effects, as we will discuss later [11–13]. Others classes of

xenobiotics have been shown to activate AhR [8]. In

addition, diet, in particular fruit and vegetable containing

flavonoids and indole derivates, represent also an impor-

tant source of AhR ligands [3,8,9]. Intestinal microflora is

also able to generate such ligands: by consuming trypto-

phan (Trp) coming from diet, they can generate a broad

diversity of indole derivates AhR agonists (i.e. indole-3-

acetic acid, tryptamine) [9]. Trp can also be degraded by

endogenous pathways, especially the kynurenine path-

way, which is responsible for 95% of the Trp degradation

[14]. The first step of this pathway consists in the catabo-

lism of tryptophan into the kynurenine agonist by either

IDO1, IDO2 or TDO2 enzyme. Kyn can be then con-

verted into downstream metabolites such as kynurenic

acid that have also been recently described as an AhR

ligand [15��]. Even if AhR agonist are numerous, we still

probably have not discovered all of them.

Sustained AhR activation by HAH or PAH, such as

TCDD or PAHS, in mice and rats, leads to a broad

spectrum of adverse effects, including cancer develop-

ment and the impairment of endocrine functions and
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immunity. TCDD also has deleterious effects on human

health [11–13], although humans seem to be more resis-

tant to dioxins than rodents. The mice lacking AhR

expression (AhR(�/�)) clearly demonstrated the critical

role of AhR in this pollutant-induced toxicity and carci-

nogenesis [16].

Surprisingly, these mice display impaired vascular differ-

entiation, low fertility and liver and immune system

abnormalities [17]. This receptor therefore seems to be

essential for both normal development [18,19] and almost

all the deleterious effects of TCDD [20,21]. To date only

three young patients from a consanguineous Christian

Arab family from Northern Israel have been described

with a stop mutation in the AhR gene, abrogating AhR

protein expression (c.1861C > T;p.Q621*). Interestingly,

these three children have the same eye movement

disorder [5] as observed in AhR(�/�) mice. These studies

also suggest the physiological roles of endogenous AhR

ligands.

AH toxicity seems to essentially result from the deregu-

lation of gene expression induced by AhR activation

[12,21]. According to the canonical activation model

(Figure 1a), cytosolic AhR is translocated to the nucleus

after ligand binding. It then dissociates from a chaperone

complex and forms a heterodimer with the aryl hydrocar-

bon receptor nuclear translocator (ARNT). The AhR/

ARNT complex binds to specific xenobiotic-responsive

elements (XRE) (core sequence: 50-GCGTG-30) [22] in

the promoters of target genes, thereby regulating their

transcription [23].

Typically, the AhR pathway is transiently activated in

order to eliminate the inducer molecule (defined as the

ligand). It is coupled to a negative feedback system based

on the transcriptional induction of the AhR repressor

(AhRR), leading to AhR-ARNT dimer dissociation and

AhR degradation by the 26S proteasome [24,25], corre-

sponding to the ‘stop signal’ (OFF on Figure 1a). This

loop is transiently activated due to AhR proteasomal

degradation, preventing the long-term activation of the

AhR pathway. AhR transcription and de novo protein

synthesis ultimately result in a return to basal AhR levels

(Figure 1b, AhR cycle). Expression of CYP1A1 mRNA

and protein is rapidly induced in order to promote the

elimination of the AhR ligand. CYP1A1 induction is

transient, because the half-lives of CYP1A1 mRNA and

protein are very short (<10 hours and <5 hours, respec-

tively), whereas the half-life of unbound AhR protein is

much longer (>48 hours) [26]. The combination of these

phenomena leads to the elimination of the AhR ligands

protecting the cell. However, the AhR pathway fails to

eliminate TCDD: the half-life of TCDD is usually two to

four weeks in rodents [27,28], but it has been estimated at

seven to eleven years in humans [29]. This persistent

pollutant profoundly modifies the gene expression profile
Current Opinion in Immunology 2021, 70:15–26 
through a sustained AhR activation resulting in deleteri-

ous effects in human.

A sustained AhR activation can be reachable via endoge-

nous ligands. In contrast to TCDD, the different endog-

enous ligands are all eliminated by the XME system [3].

So, to reach a sustained AhR pathway activation, the

tumour and/or its environment should produce an aston-

ishing quantity of AhR ligands or/and impair their elimi-

nation [30]. The Kyn, a metabolite derived from the

IDO1/TDO2 catabolism of Trp, is an endogenous AhR

ligand produced by cancer cells [9]. In cutaneous mela-

noma, the exact quantification of Kyn is not clearly

defined but it is estimated to >50 mM in the TME

(and 2–8 mM in plasma depending on cancer type [31–

35]). This Kyn concentration inside the cutaneous mela-

noma may explain the failure of clinical trials in phase III

(based on IDO1 inhibition). Other inhibitors preventing

Kyn production have been conceived but neurological

disorders (in mice) disrupted their clinical developments

[36].

Several clinical trials with IDO1 and TDO inhibitors

reported that totally blocking the initial step of the

Kyn pathway could trigger some adverse effects associ-

ated with the non-specific activation of AhR or mTOR

that can induce inflammatory signalling or growth path-

ways. Some of the Trp analogues can be recognised by gut

bacteria and be associated with Trp depletion [37]. These

results suggest that Kyn or its derivatives are essential for

brain functions and homeostasis. In the brain, Kyn is

mostly produced by astrocytes [38] and these glial cells’

main roles are to maintain the central nervous system

homeostasis and to regulate immune response.

Other neurological diseases also generate similar high

levels of this AhR ligand. We previously showed that

Kyn levels are elevated in the serum and cerebrospinal

fluid of patients with Alzheimer’s disease, multiple scle-

rosis, motor neuron disease, and several other neuroin-

flammatory conditions [39]. Interestingly, the astroglial

expression of AhR increases with age and is much higher

in Alzheimer’s patients [40].

AhR signature

Many groups have attempted to identify AhR target

genes (AhR signature) to assess the detrimental activation

of AhR in humans. Despite extensive analyses including

data from AhR(�/�) mice, neither the core XRE sequence

(50-GCGTG-30) nor the variant response element XRE-II

(5-CATG(N)6C[T|A]TG-3), which binds AhR [41], are

particularly abundant in the promoters of genes deregu-

lated in response to AhR ligand exposure [21,41]. These

experiments strongly suggest that AhR-modulated genes

are not all directly governed by AhR (on their promoters).

Despite the poor correlation between the presence of a

XRE sequence in the promoter and inducibility by AhR
www.sciencedirect.com
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Figure 1

(a)

(b) (c)
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AhR, a sensor to adapt the cell to the stress signal.

(a) AhR is sequestered in the cytosol with chaperones and immunophilin-like protein, in the absence of ligand. In the presence of ligand, AhR is

translocated to the nucleus, where it dissociates from the chaperone complex and forms a heterodimer with the AhR nuclear translocator (ARNT).

This heterodimer binds to specific xenobiotic responsive elements (XRE) found in the promoters of target genes, thereby regulating the

transcription of these genes (AhR signature). In this way, TCDD and other AhR agonists markedly induce the expression of xenobiotic-

metabolising enzymes (XME, phases I and II), including CYP1A1, which is known to detoxify (but also, in some cases, to bioactivate) carcinogens.

Metabolites are then eliminated in body fluids, such as blood, plasma, urine and faeces. The feedback loop facilitates the rapid degradation of

activated AhR by the proteasome, preventing the sustained AhR activation. De novo synthesis of the AhR protein restores the ability of the cell to

respond to a new ligand.

(b) The diagram shows the theoretical response of the cell to ligand exposure. The ligand binds to AhR, inducing its translocation, the

transcription of XME genes and the proteasomal degradation of AhR. AhR transiently induces the production of CYP1A1 mRNA and protein and

the transcription of its own gene, resulting in the renewal of AhR protein within the cell. The kinetics of this process depends on the concentration

of the ligand and its affinity for AhR.

www.sciencedirect.com Current Opinion in Immunology 2021, 70:15–26
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ligands, several genes, including TIPARP and CYP1A1,
are considered to be AhR targets [21] for many decades.

Recently, Opitz’s team looked for a pan-tissue AhR

signature by performing weighted gene co-expression

network analysis across the 32 TCGA tumours. They

established an unmatched AhR signature (166 genes)

containing the classical AhR target genes (TIPARP,
CYP1A1, CYP1B1, AhRR and AhR). Among them, authors

identified the L-amino acid oxidase IL4I1 as a new AhR

target gene. The functional validation of IL4I1 as a new

source of AhR ligands demonstrates the robustness of

these analyses [15��]. In addition, Corre and collaborators

also established an AhR signature, but it was restricted to

the cutaneous melanoma cells. To establish this signa-

ture, we used publicly available AhR ChIP-seq data

[42��]. We demonstrated that a sustained AhR activation

rewired gene expression in these tumour cells, promoting

cell plasticity and therapy resistance (AhR signature and

therapy resistance signature). By comparing these two

signatures [15��,42��], we confirm here that CYP1A1,
CYP1B1, TIPARP and THBS1 are good indicators for

tracking AhR activation (Figure 1c).

The exact sequence required for AhR binding onto

promoters is probably more complex than initially

thought since AhR can interact with different partners

probably on different sequences. AhR has been found in

several protein complexes, but little is understood about

the interaction of AhR with other transcription factors

such as Sp-1 [43–46], RelB [47], Rb [48], RelA [49,50],

COUP-TF [51], ER [44,52], SLUG [53], c-Maf [54–57],

Egr-1 [58], AP-2 [58], USF-2 [58], Stat1 [59,60] and Stat5

[59]. AhR has been found as part of a complex with Egr-1

and activator protein-2 on the THBS1 promoter [58], and

with Stat1 and Stat5 in the negative regulation of Th17

development [59]. Two other groups have reported that

c-maf binds to AhR to regulate the immune response in

mice and humans. AhR acts in synergy with c-maf to

promote the development of type 1 regulatory T cells

(Tr1 cells), which produce interleukin 10 (IL-10), an anti-

inflammatory cytokine involved in preventing tissue

inflammation, autoimmunity and graft-versus-host dis-

ease. AhR has been shown to bind to c-maf, promoting

the transactivation of the Il10 and Il21 promoters, result-

ing in the generation of Tr1 cells [61] and improvements

in the symptoms of experimental autoimmune encepha-

lomyelitis [62]. The binding site of the AhR/c-maf dimer

was not clearly identified in these studies or in studies of

other partners of AhR. These heterodimers (AhR + a

partner) probably bind to different response elements
(c) The AhR signature. A Venn chart comparing three signatures established

[42��]. The last signature (AhR and Resistance) corresponds to a mixture of 

genes associated to BRAF inhibitor resistance). TIPARP, THBS1, CYP1A1 a

hydrocarbon receptor; (AhRR) AhR repressor protein; (CYP1A1) cytochrome

tetrachlorodibenzo-p-dioxin; (TIPARP) TCDD Inducible Poly(ADP-Ribose) Po
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from the complex formed by AhR and ARNT (HIF1b) in

response to xenobiotics (XRE). We therefore believe that

single cell RNA-sequencing analyses coupled to

CRISPR-Cas9 experiments will define the exact partners

of AhR and their respective target genes.

AhR drives cell dedifferentiation and therapy resistance

The AhR(�/�) mice studies revealed that AhR is involved

in many processes including cell differentiation [6,16,17].

To illustrate this point, AhR is now considered as a master

gene for polarisation of normal immune cells [63,64]. For

cancer cells, we demonstrated that sustained AhR activa-

tion promotes melanoma cell dedifferentiation by stimu-

lating a mesenchymal state associated to therapy-resis-

tance. As proof-of-concept, we showed that the AhR

antagonist restored BRAF inhibitor sensitivity and

strongly reduced the number of persister cells (i.e.

BRAFi-resistant cells, source of relapse) [42��]. In 2011,

Opitz et al. demonstrated a sustained AhR activation by

Kyn in glioma. TDO2-derived Kyn suppresses antitu-

mour immune responses and promotes tumour-cell sur-

vival and motility through the AhR in an intracrine/

paracrine fashion. As described for the cutaneous mela-

noma, distinct differentiation states have been charac-

terised for glioblastoma (GBM) (pro-neural, classical, and

mesenchymal GBM) [65]. In our latest manuscript we

found that the SMAD3-signature overlaps with the mes-

enchymal GBM signature [66]. Mesenchymal GBM are

the most aggressive GBM and are usually associated with

poor overall survival [65–68]. Altogether, these studies

suggest that sustained AhR activation is associated with

cancer aggressiveness and cell plasticity.

Four recent publications demonstrated the melanoma

cell plasticity in response to therapies, explaining the

intratumour heterogeneity (ITH) during the relapse

[69��,70�,71�,72��]. This plasticity looks like to an

epithelial–mesenchymal transition (EMT). However,

we define here this transition as an ‘onco-EMT’ since

EMT is defined for normal cells and melanoma cells are

not epithelial cells. scRNA-seq demonstrated that ITH is

also found prior the treatment for melanoma and glioma,

suggesting that different cell differentiation states co-

exist in the tumour (Figure 2a). This could be a result

of clonal evolution (additional genetic alterations) and/or

cell plasticity (onco-EMT) (Figure 2b). Similar results

have been collected from scRNA-seq experiments in

glioma [67]. In accordance with these descriptive studies,

we recently demonstrated that differentiated melanoma

cells can be redirected into a dedifferentiated state using
 by Sadik et al., Cell [15��] and Corre et al. Nature Communications

two signatures (AhR associated genes in cutaneous melanoma and

nd CYP1B1 are common to the three signatures. (AhR) Aryl

 P4501A1; (CYP1B1) cytochrome P4501B1; (TCDD) 2,3,7,8-

lymerase; (THBS1) Thrombospondin 1.

www.sciencedirect.com
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Figure 2

(a)

(b)
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Tumour cell plasticity in response to therapy.

(a) A scheme illustrating the plasticity of differentiated cancer cells

(cutaneous melanoma or glioma cells) in response to therapy (i.e.

BRAF inhibitor (BRAFi) for melanoma). Typically, under BRAFi

pressure, death of BRAFi-sensitive cells (differentiated) leads to an

enrichment of a small subpopulation of AhR-activated and BRAFi-

persister cells, responsible for relapse. At the end of the treatment,

dedifferentiated cells can restart a differentiation process, which is

associated with therapy sensitivity. This differentiation cycle is

independent of genetic alterations.

(b) A scheme illustrating the occurrence of genetic alterations during

the differentiation/dedifferentiation cycle of tumour cells. These genetic

alterations take place at any steps of the cycle (differentiated cells,

stressed cells and undifferentiated cells). These two events

(differentiation cycle and possible genetic alterations) may explain the

intratumour heterogeneity.

www.sciencedirect.com 
the potent AhR ligand TCDD [42��]. So, we propose that

AhR promotes the ITH.

Until now, it has been difficult to give a clear answer on

how the AhR signalling pathway promotes the dediffer-

entiation. AhR-signature is mainly based on gene expres-

sion correlation suggesting that several genes are not

directly driven by AhR but by other downstream tran-

scription factors. Recently, we investigated the down-

stream factors of the AhR pathway in melanoma cell

plasticity and therapy resistance [66]. We identified

mothers against decapentaplegic homolog 3 (SMAD3),
as a downstream target gene of AhR. SMAD3 induction

by AhR has been recently confirmed by Sadik et al. [15��].
The consecutive increase of SMAD3 transcriptional

activity promotes a mesenchymal-like phenotype and

BRAFi-resistance by acting as an upstream transcriptional

regulator of potent BRAFi-resistance genes such as

EGFR and AXL. This SMAD3-signature predicts resis-

tance to both current melanoma therapies in different

cohorts. Critically, chemical inhibition of SMAD3 may

constitute an amenable target for melanoma since it

efficiently abrogates ‘persister cells’ survival

(Figures 3 and 4). It is noteworthy that cutaneous mela-

noma cells are able to produce TGF-b, which in turn

activates SMAD3 [73]. In addition, the TGF-b can be

released from the Treg cells [74�,75]. Soluble TGF-b in

the TME in turn inhibits antigen-presenting cells and

effector T cells, indirectly favouring the tumour growth.

This cytokine also induces a mesenchymal-like pheno-

type of cancer cells, promoting the migration, invasion

capability and consequently the metastases.

The Fernandez-Salguero team demonstrated that AhR

drives NANOG and OCT4 expression via a retrotranspo-

son-regulated mechanism, promoting the dedifferentia-

tion process. This unexpected mechanism may also, in

part, explain the dedifferentiation induced by AhR ago-

nists [76].

Altogether, these studies confirmed that AhR signature

may contain indirect targets (i.e. genes driven by

SMAD3). Moreover, we better understand why XRE

motifs are not always found on promoters of genes creat-

ing the AhR signature. The improved description of the

AhR signalling pathway opens new opportunities to limit

AhR deleterious effects.

The waltz of AhR ligands

Cancer cell dedifferentiation could be accomplished by

AhR ligands or indirectly, by cytokines stimulating their

production/release. The Huang team demonstrated that

the cytokine IFN-g, produced by CD8+ T cells, induces

dormancy of dedifferentiated melanoma cells via Kyn

[77,78��]. The Kyn production requires the induction of

IDO1 in dedifferentiated cancer cells. In contrast, this

cytokine provokes the cell death of differentiated
Current Opinion in Immunology 2021, 70:15–26
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Figure 3

Current Opinion in Immunology

The waltz of AhR ligands.

A scheme illustrating the diversity of AhR ligands and the uptake and export of these molecules defined here as a waltz. Intracellular ligands come

from two sources (exogenous (Exo) and intracrine (Intra)) in cancer cell. Ligand-activated AhR drives gene expression (AhR signature). AhR

activation promotes IDO1 and IL4I1 gene expression; two enzymes able to generate AhR ligands. It is important to note that IL4I1 can be secreted

in the tumour microenvironment to generate AhR ligands outside the cancer cell. Moreover, IL4I1 is expressed/secreted by other cell types such

as macrophages (M;) associated with the tumour. In contrast to IL4I1, IDO1 increases the amount of AhR ligand inside the cancer cell. So, the

AhR ligand concentration in the cancer cell depends on the ability of the cancer cell to produce the AhR ligand but also on the microenvironment.

Transporters are key regulators of AhR ligand concentration in cancer cells since they import the AhR ligand and precursors such as tryptophan

(Trp). On the other hand, transporters are also able to export the AhR ligand to target the cells located in the tumour microenvironment. To add a

level of complexity, studies have demonstrated that an interaction is established between the microenvironment and the cancer cells. For

example, the TGF-b can be produced by the cancer cell itself and this cytokine can activate the TGF-b signalling pathway (increasing the activity

of SMAD3 transcription factor, which contributes to the AhR signature) on cancer cells, cancer-associated fibroblasts (CAF), myeloid-derived

suppressor cells (MDSCs) and on CD8 lymphocytes (CD8+ T cells). These lymphocytes are able to release interferon gamma (IFN-g), which

Current Opinion in Immunology 2021, 70:15–26 www.sciencedirect.com
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Figure 4

Current Opinion in Immunology

How to shut down the AhR signalling pathway?

A scheme recapitulating the main strategies targeting the AhR

signalling pathway. The IDO/TDO inhibitors have been already

evaluated in clinical trials (failure in phase III for IDO1 inhibitor). Two

clinical trials based on AhR antagonists started in December

2019. The recombinant kynureninase (KYNU) showed promising

effects in preclinical studies. To the best of our knowledge, no efficient

IL4I1 inhibitor has been described and ASOs targeting AhR or SMAD3

have not be evaluated as anticancer strategies. The tryptophan (Trp)

and kynurenine (Kyn) pathway metabolite transporters are not well

described. So, the specificity of available inhibitors can be

investigated. (AhR) aryl hydrocarbon receptor; (AhRR) AhR repressor

protein; (XRE) xenobiotic responsive elements; (IDO) indoleamine 2 3-

dioxygenase; (TDO) tryptophan 2,3-dioxygenase; (IL4I1) interleukin-4-

induced-1; (ASO) antisense oligonucleotides; (SMAD3) mothers against

decapentaplegic homolog 3.
melanoma cells. Kyn is transferred into CD8+ T cells and

upregulates PD-1. Thus, by combining IFN-g and the

AhR antagonist, they abrogated the tumour growth from

the dormant cells. AhR blockade enhances adoptive T

cell therapy efficacy in a mouse melanoma model.

This study also highlighted the importance of the Kyn

and Trp transporters for the deleterious activation of

AhR. To date, these transporters have been involved

in Kyn and Trp transport (SLC1A5 and SLC7A5)

[78��,79] and may represent remarkable targets to limit

AhR ligand accumulation in cancer cells and T cells

(Figures 3 and 4). It would be interesting to define the

transporters of AhR ligands in general since the ligand

family is growing. Moreover, as a part of the AhR ligand is

lipophilic [3]; they are able to cross the lipid bilayer

without the need of transporters. CRISPR-Cas9 screen-

ing may improve our knowledge of AhR ligand transpor-

ters and pave the route to new therapeutic strategies

Even if a sustained activation of AhR is revealed in

dedifferentiated cells (melanoma and glioblastoma), the

nature of ligand(s) inducing this deleterious effect

remains poorly studied. Two hypotheses are credible,

but they are not mutually exclusive: a high systemic or

a high local concentration of AhR activators.

A high systemic concentration of an AhR ligand may

stimulate AhR activity in many cells including tumour

cells as already published for Kyn and other Trp deriva-

tives [31,80]. A particular microbiota, generating a high

level of indoles, may also be incriminated [3,7–9]. It is

interesting to note that response to immune checkpoint

therapy depends to endogenous microbiota at least in

cutaneous melanoma. To date, the indoles generated by

these specific bacteria have not been identified to be able

to activate AhR in tumours [81,82]. A special food regi-

men, enriched in flavonoids or HAHs and/or PAHs, might

also stimulate AhR activity. However, this hypothesis

suggests that the patient must consume this food daily

since the half-life of these AhR activators is short except

for TCDD [17,29]. Another possible explanation relies on

a default of AhR activator metabolism, leading to a

sustained AhR activation as suggested for FICZ [30,83].

A high local concentration of AhR activators suggests that

normal cells from the TME or the tumour cells them-

selves expressed a specific enzyme. It has been recently
(Figure 3 Legend Continued) promote the cancer cell plasticity and IDO1 expression. The lifestyle (TCDD and PAHs) and microbiota participate

to increase AhR ligands in plasma. It is noteworthy that several AhR ligands are able to cross the cell membrane since they are lipophilic. This

scheme recapitulates, at least in part, the relationship between AhR signature and cancer cell plasticity in its environment. (AhR) aryl hydrocarbon

receptor; (AhRR) AhR repressor protein; (XRE) xenobiotic responsive elements; (IDO) indoleamine 2 3-dioxygenase; (IL4I1) interleukin-4-induced-1;

(TCDD) 2,3,7,8-tetrachlorodibenzo-p-dioxin; (TGF-b) Transforming growth factor beta; (TGF-bR) TGF-b receptor; (IFN-gR) IFN-g receptor; (EGFR)

epidermal growth factor receptor; (SMAD3) mothers against decapentaplegic homolog 3; (SLC745) solute carrier family 7 member 5; (STAT) signal

transducer and activator of transcription; (ERK) extracellular signal-regulated kinase.

www.sciencedirect.com Current Opinion in Immunology 2021, 70:15–26
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Box 1 Definitions

Gene signature:

Information about the activity of a specific group of genes in a cell or

tissue. In cancer, gene signatures can show how likely certain types

of cancer are to grow and spread in the body or how likely they are to

recur. A gene signature may be used to help diagnose disease such

as cancer, plan treatment, find out how well treatment is working,

and make a prognosis.

Retrieved September 25, 2020 from https://www.cancer.gov/

publications/dictionaries/cancer-terms/def/gene-signature.

Antagonist:

A substance that partially or completely nullifies the effect of another

agent; a chemical entity that is not naturally found in the body which

occupies a receptor, produces no physiologic effects and prevents

endogenous and exogenous chemicals from producing an effect on

that receptor.

Inhibitor:

An agent that restrains or retards physiologic, chemical, or enzymatic

action.

Retrieved September 15, 2020 from https://medical-dictionary.

thefreedictionary.com/inhibitor.
published for IL4L1 [15��] expressed by tumour support-

ive monocytes. An alternative hypothesis may involve an

enzyme expressed by the tumour cells and this protein

might produce an endogenous AhR activator directly

from the cancer cell (intracrine production) or by con-

suming a precursor taken from the blood (autocrine

production). It is important to keep in mind that several

bacteria have been identified into different tumours [84].

To date, the role of these bacteria remains unsolved. It is

tempting to postulate that these bacteria might continu-

ously generate AhR ligands as for the bacteria from the

microbiota [85]. To conclude, the characterization of AhR

endogenous ligands in cancer cells and TME remains an

important field of investigation for the next decade.

Perspectives
Prevention of sustained AhR pathway activation is an

exciting target for cancer therapy. To abolish this delete-

rious AhR activation, researches have tried to reduce AhR

ligand production by limiting the release of Trp metab-

olites. However, the clinical trials, based on IDO inhibi-

tion, have failed in phase III (ECHO-301/KN-252), prob-

ably due to the existence of other pathways generating

AhR ligands such as IL4I1. Moreover, it is clear nowadays

that several cancer cells are able to produce AhR ligands

to activate their own AhR (Figure 3, Intracrine (Intra)).

Thus, strategies aiming to reduce the systemic Kyn

concentration are interested in decreasing the deleterious

effect on immune cells and on cells from the TME.

However, IDO/TDO inhibitors probably act only on

one activator (not directly on cancer cells). Despite this

drawback, the Georgiou team demonstrated that the

recombinant kynureninase (KYNU; catalysing the degra-

dation of Kyn into the anthranilic acid) is remarkably

effective, not only by restoring antitumour immune

response in mice, but also by improving median survival

[86��]. However, it is important to note that recombinant

KYNU can drive the production Kyn metabolites that are

AhR ligands (i.e. 3-hydroxyanthranilic acid and its prod-

uct cinnabarinic acid) [15��,87–89].

Nevertheless, given the multifactorial origin and availabil-

ity (exogenous (Exo) and intracrine (Intra)) of AhR ligands

for the tumour (Figure 3), we believe that a chemical

inhibition of the AhR signalling pathway is probably the

best way to target both cancer cells and immune cells.

Several AhR antagonists have been recently developed and

recently reviewed [8,90��,91–93,94�] (Box 1). Promising

pre-clinical results were obtained with the AhR antagonists

Kyn101 (Ikena Oncology) [90��], PX-A24590 (Phenex

Pharmaceuticals) [91] and HP163 (Hercules Pharmaceuti-

cals) [92]. In addition, two candidates are currently under

phase I clinical trials (IK-175 from Ikena Oncology and

BAY2416964 from Bayer).

Even if we have to wait for the results of these two clinical

trials to make a conclusion on this strategy (clinical trial
Current Opinion in Immunology 2021, 70:15–26 
ID NCT04200963 and NCT04069026), it is important to

keep in mind that paradoxically, AhR activation by ami-

noflavone (AhR agonist) in vitro and in mouse xenograft

models exerts anti-tumour properties, especially in the

human breast cancer cell line MCF-7 and in human renal

cancer cells lines [95,96]. These contradictory results

demonstrate that AhR can mediate both pro- or anti-

tumoural responses depending of the cellular context,

thereby showing the complexity of targeting AhR activ-

ity. Moreover, AhR knock-out mice display serious

defects [16]. Altogether, these studies suggest that severe

adverse effects may occur during these two clinical trials.

It could be interesting to address the clinical relevance of

strategies aiming to inhibit downstream targets of the

AhR signalling pathway such as SMAD3 (since SMAD3

knock-out mice are not severely impacted as observed in

the AhR knock-out ones). To overcome the potential

unanticipated effects mediated by AhR antagonists, AhR

inhibition could be achieved using antisense oligonucleo-

tides (ASO) depleting AhR mRNA (or SMAD3). The ASO

strategy has been successfully used in cutaneous mela-

noma (PDX models) by targeting the lncRNA SAMMSON
or TYRP1 mRNA [97,98]. Interestingly, ASOs mediate a

‘partial knock-down’, avoiding the serious defects

observed in knock-out mice.

As recently reviewed [4�,7,10], the AhR ligands are

numerous and probably not all identified in humans. This

suggests that a global estimation of AhR ligand in the

plasma may be interesting for choosing a therapy based on

the AhR antagonist. However, it is highly probable that an

intracrine AhR ligand production (by cancer cells) may

also exist. Moreover, several AhR ligands are probably not

able to cross the lipid bilayer. Thus, the AhR activity
www.sciencedirect.com
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assessment in plasma could be incomplete but informa-

tive. Since AhR ligands are not all known, the test could

be based on XRE-Luc assay or AhR nuclear translocation,

methods estimating both agonists and antagonists of AhR

[99,100�] directly from the plasma.

To conclude, we believe that the refinement of AhR

pathway inhibition will be based on a better understand-

ing of the AhR signalling pathway and intracrine AhR

ligand production by tumour cells and TME. These

findings will pave the route to new therapeutic strategies.
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