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The indoleamine 2,3-dioxygenase 1 (IDO1) metabolic circuitry, comprising the first
tryptophan (Trp) catabolite L-kynurenine (Kyn) and the aryl hydrocarbon receptor (AHR),
has emerged as a mechanism of cancer immune evasion. Here, we investigated the
functional role of the IDO1/Kyn/AHR axis in chronic lymphocytic leukemia (CLL). Our data
show that CLL cells expressed an active form of the IDO1 enzyme and
microenvironmental stimuli can positively modulate its expression. Interferon (IFN)-y
induces IDO1 expression through the Jak/STAT1 pathway and mediates Kyn
production concomitantly with Trp consumption in CLL-conditioned media, while
INCB018424 (ruxolitinib), a JAK1/2 inhibitor, impaired both effects. To characterize the
involvement of IDO1 in leukemic cell maintenance, we overexpressed IDO1 by vector
transfection measuring enhanced resistance to spontaneous apoptosis. IDO1 pro-
survival influence was confirmed by treating CLL cells with Kyn, which mediated the
increase of induced myeloid leukemia cell differentiation protein (MCL1). Conversely, AHR
silencing or its blockade via CH-223191 improved the apoptosis of leukemic clones and
mitigated MCL1 expression. Moreover, Kyn-treated CLL cells are less affected by the pro-
apoptotic effect of ABT-199 (venetoclax), while CH-223191 showed synergistic/additive
cytotoxicity with this drug. Lastly, targeting directly MCL1 in CLL cells with AMG-176, we
abrogate the pro-survival effect of Kyn. In conclusion, our data identify IDO1/Kyn/AHR
signaling as a new therapeutic target for CLL, describing for the first time its role in
CLL pathobiology.

Keywords: chronic lymphocytic leukemia (CLL), tumor microenvironment, indoleamine 2, 3-dioxygenase 1, target
therapy, aryl hydrocarbon receptor (AHR)
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common
leukemia in the western world, usually affecting the elderly (1).
CLL is a dynamic disease in which proliferation of the antigen-
experienced B cell clone in pseudofollicular centers of lymphoid
tissues is combined with a reduced cell turnover of quiescent B
cells that accumulate in peripheral blood (2). The survival
of leukemic cells is closely linked to the presence of a specific
tumor microenvironment (TME). Malignant cells are able to
manipulate surrounding supportive cells by forcing them to
create a niche in which they can receive survival stimuli,
escape immunosurveillance, and protect themselves from the
action of drugs (3). Moreover, CLL cells play an active role in
establishing progressive immunosuppression, demonstrated by
the presence of an expanded population of regulatory and
exhausted T cells, myeloid-derived suppressor cells (MDSCs),
and macrophages with the M2 phenotype, called nurse-like cells
(NLCs). Several treatments available for CLL exert a long-term
control of the disease in the majority of CLL patients, as novel
tyrosine kinase inhibitors and the B-cell lymphoma 2 (BCL2)
inhibitor ABT-199 (venetoclax) (4), but CLL still remains largely
incurable due to frequent relapses and the emergence of drug
resistance or intolerance (5).

Indoleamine 2,3-dioxygenase 1 (IDO1) is the rate-limiting
and first enzyme of the kynurenine pathway that converts the
essential amino acid L-tryptophan (Trp) to produce bioactive
metabolites in mammalian extrahepatic tissues (6). Since its
discovery, IDO1 was described as an immunomodulatory
molecule, able to promote immune tolerance in mammalian
pregnancy (7), chronic infection, autoimmunity, and allergic
inflammation (8). Inflammatory mediators, in particular
interferon (IFN)-y (9), induce and sustain IDO1 production in
a variety of cells as a feedback mechanism to control
inflammation and dampen overactivation of cytotoxic T
responses (10). The first Trp catabolite, L-kynurenine (Kyn), is
a key signaling molecule that directly affects antigen-specific T-
cell proliferation (11, 12) and induces T-cell death indirectly
through the aryl hydrocarbon receptor (AHR), also known as
the dioxin receptor (13, 14). IDO1 is overexpressed in a wide
variety of human hematologic malignancies and solid tumors as
a part of concerted mechanisms of evading immunosurveillance
(15-17). In addition, many cells belonging to the TME—
fibroblasts, macrophages, MDSCs, and dendritic cells,
including endothelial cells—are coerced by cancer cells to
express IDO1, collectively supporting the immune escape (12).
Besides, IDO1 expression is correlated with a poor prognosis,
shorter overall survival, and chemoresistance in different cancers
(18-24), corroborating the concept that a treatment strategy of
IDO1 blockade may have antitumor effects. To date, a large
number of IDO1 inhibitors have been reported, some of them
including epacadostat, BMS986205, and indoximod, have
advanced into clinical trials for cancer treatment (25).

In CLL, the activity of IDO1, measured as the plasma
kynurenine-to-tryptophan ratio ([Kyn]/[Trp]), is reported to
be increased (26). The expression of IDOI is reduced in
peripheral blood mononuclear cells (26), while NLCs (27) and

CD14*HLA-DR"® MDSCs (28) expressed high levels of this
catabolic enzyme, and IDOI inhibition may restore T cell
proliferation. Even in studies on Ep-TCL1 mice with a CLL-
like disease, the enhanced expression of IDO1 in tumor-
associated myeloid cells was observed (29). Interestingly, IDO1
expression was significantly higher in malignant CD19" B cells of
Ep-TCL1 mice compared to CD19" B cells of wild-type (WT)
mice (29). However, the functional role of IDO1 in the leukemic
clones from CLL patients is unknown. Here, we evaluated
whether the IDO1/Kyn/AHR signaling pathway may be
involved in CLL pathobiology. Our findings illustrate for the
first time a role of the IDO1 metabolic pathway in CLL-
prolonged survival and impaired drug sensitivity. The effects
are mediated by the autocrine/paracrine action of Kyn that
activates AHR. Interestingly, the blockade of AHR via CH-
223191 interferes with the pro-survival signal and MCL1
induction triggered by IDO1. We also demonstrated that IDO1
metabolic activity affects the response to ABT-199, while CH-
223191 treatment synergizes with the BCL2 inhibitor to kill
leukemic CLL cells. Collectively, our findings suggest that the
IDO1/Kyn/AHR axis may represent a novel therapeutic target
in CLL.

MATERIALS AND METHODS

Patients

Blood samples from untreated patients that matched standard
diagnostic criteria for CLL were obtained from the Hematology
Section of Modena Hospital, Italy, with a protocol approved by
the Institutional Review Board. All patients provided written
informed consent in accordance with the declaration of Helsinki.
Peripheral blood mononuclear cells were isolated by density
gradient centrifugation with Lymphoprep medium (Pharmacia
LKB Biotechnology, Piscataway, NY, USA) and used fresh or
cryopreserved in RPMI-1640 medium, 50% FBS, and 10%
DMSO and stored in liquid nitrogen until use. To enrich for
CLL cells, peripheral blood mononuclear cells were incubated
with CD19-specific microbeads (Miltenyi Biotech, Auburn, CA,
USA) and separated by autoMACS (Miltenyi Biotec).

In Vitro CLL Stimulation and

Drug Treatments

To analyze basal IDO1 levels, CD19" CLL cells were serum
starved for 1 h in RPMI-1640 at 37°C prior to RNA extraction. In
all other experiments, CD19" CLL cells were resuspended in
RPMI-1640 medium + 10% FBS. To mimic microenvironmental
stimulation, CLL cells were treated with one of the following
soluble factors: IFN-y 500 U/ml (PeproTech Cat# 300-02, Rocky
Hill, NJ, USA); LPS 5 pg/ml (Sigma-Aldrich Cat# 15293, St.
Louis, MO, USA); goat F(AB’)2 fragment to human IgM (5FCy)
10 pg/ml (Thermo Fisher Scientific Cat# ICN55055, Waltham,
MA, USA); Type B CpG oligonucleotides 1 pg/ml (ODN 2006)
(InvivoGen Cat# tlrl-2006, San Diego, CA, USA); and CD40L
200 ng/ml + interleukin (IL)-4 20 ng/ml (both from PeproTech
Cat# 310-02 and 200-04) or tumor necrosis factor (TNF)-o0 5
ng/ml (PeproTech Cat# 300-01A). Control cells were cultured in

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 832263


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Atene et al.

IDO/Kyn/AHR Axis Mediates CLL Survival

parallel without stimulation. L-Kynurenine (Sigma-Aldrich Cat#
K8625) was used at 100 pM. INCB018424 (ruxolitinib)
(SelleckChem Cat# S1378, Houston, TX, USA) was used at 0.1
and 1 uM as previously described (30). CH-223191
(MedChemExpress Cat# HY-12684, Princeton, NJ, USA) was
used at 10 uM. ABT-199 (venetoclax) (SelleckChem Cat# S8048)
was used at 1 nM. AMG-176 (MedChemExpress Cat# HY-
101565) was used at 100 or 300 nM.

Real-Time PCR

Total RNA was extracted with the RNeasy Plus Mini Kit (Qiagen
Cat# 74134) and reverse transcribed using SS VILO Master Mix
(Life Technologies Cat# 11755050, Carlsbad, CA, USA). Twenty
nanograms per reaction of cDNA was analyzed in real-time PCR
on LightCycler 480 v.2 (Roche) using SYBR Green Master Mix
(Applied Biosystems Cat# 4309155, Foster City, CA, USA).
Specific primers designed for IDOI, CYPI1AI, and MCLI are
listed in Supplementary Table 1. Amplification of the sequence
of interest was normalized to an endogenous reference control
(GAPDH) and analyzed by the relative quantification method.

Immunoblottings

Purified CD19" CLL cells were lysed for 20 min on ice with
lysis buffer supplemented with dithiothreitol and
protease inhibitor cocktail (BioVision Cat# K269, Milpitas, CA,
USA). Proteins (70 pg/lane) were electrophoresed on 4 to 20% of
SDS-polyacrylamide gradient gels (Bio-Rad Laboratories Cat#
4561094, Hercules, CA, USA). Membranes were immunoblotted
with primary antibodies listed in Supplementary Table 2. Then,
membranes were incubated with a species-specific horseradish
peroxidase (HRP)-conjugated secondary antibody (diluted
1:20,000) (Bethyl Cat# A120-101P, and Cat# A90-116) and
developed using HRP conjugates Western Bright Sirius
(Advasta, Menlo Park, CA, USA). Images were acquired by
ChemiDoc XRS+ (Bio-Rad Laboratories) and analyzed using
Image Lab Software v.3.0 (Bio-Rad Laboratories).

Immunofluorescence

Expression levels of IDO1 protein in CD19" CLL cells were also
evaluated by intracytoplasmic immunofluorescence staining.
CD19" CLL cells were plated in RPMI-1640 medium + 10%
FBS on coverslips in a 24-well plate and pretreated (or not) with
INCB018424 for 1 h before the incubation with IFN-y for 20 h.
After stimulation, cells were fixed and permeabilized on
coverslips. After washes, the primary IDOI1 antibody was
loaded on coverslips and incubated overnight at +4°C. The day
after, CLL cells were washed and incubated with Alexa-Fluor 488
conjugated secondary antibody (Thermo Fisher Scientific Cat#
A-11034) for 1 h at room temperature. Finally, DAPI Antifade
ES (CytoCell Cat# DES500L, Cambridge, UK) was added to stain
cell nuclei. Immunofluorescent images were visualized with
EVOS™ M5000 Imaging System (Thermo Fisher Scientific).

Flow Cytometry
A flow cytometric evaluation of IDO1 expression in CLL cells
was assessed treating CD19" cells isolated from CLL patients

with IFN-y for 24 h. Then, cells were fixed and permeabilized
overnight. The following day, cells were washed and incubated
with the anti-human IDO1-PE antibody (Cell Signaling
Technology Cat# 10312) for 1 h on ice. For each sample, an
isotype control was prepared in parallel.

Sample Preparation for

Metabolite Analysis

To assess the effect of IFN-y on IDO1 activity, purified CD19*
CLL cells were resuspended in 0.5 ml of RPMI-1640 medium +
10% FBS and cultured at a density of 12 x 10°/well in 12-well
plates. Cells were pretreated (or not) with INCB018424 1 uM for
1 h before the incubation with IFN-y for 24 h. Similarly, 0.5 ml of
conditioned media was collected from 5 x 10° CLL cells 24 h post
transfection with the IDO1 vector, or the corresponding empty
vector. Conditioned media were collected by centrifugation at
2,000 x g for 15 min and stored at —80°C until assayed. Fifty pl of
these supernatants was added with an equal volume of ice-cold 1
M perchloric acid (HCIO,) fortified with a mix of the following
stable isotope-labeled internal standard (final concentration 1
uM): L-kynurenine-d4 (Buchem BV, Apeldoorn, Netherlands)
and L-tryptophan-d5 (Sigma-Aldrich). Samples were centrifuged
(15,000 x g, 15 min), and the supernatants were collected and
directly injected into LC-MS/MS.

Liquid Chromatography and Chemicals
LC-MS/MS analyses were performed as previously described
(31), with a few changes. The analyses were performed using
an Agilent HP 1200 liquid chromatograph (Agilent, Santa Clara,
CA, USA) consisting of a binary pump, an autosampler, and a
thermostated column compartment. Chromatographic
separations were carried out using a Discovery® HS-F5-3
column (150 x 2.1 mm, 3 um, Supelco Cat# 567503-U,
Bellefonte, PA, USA) using 0.1% formic acid in water (solvent
A) and acetonitrile (solvent B) as mobile phase. The HPLC
analyses were performed using a linear elution profile of 15 min
from 5% to 90% of acetonitrile (ACN). The column was then
washed with 90% of ACN for 3.5 min followed by the
equilibration of the column for 5 min with 5% ACN. The flow
rate was 0.5 ml/min. The injection volume was 20 pl. An Agilent
6410 triple quadrupole-mass spectrometer with an electrospray
ion source (ESI) operating in positive mode was used for
detection. L-Tryptophan, HPLC-grade acetonitrile, and
methanol were obtained from Sigma-Aldrich. Analytical grade
formic acid, acetonitrile, and perchloric acid were obtained from
Carlo Erba. Water was purified using the Milli-Q water
purification system (Millipore).

B-CLL Cell Transfection Strategy

CLL cells were transfected using either a plasmid vector or small
interfering RNAs (siRNAs). The transfections were carried out in
a Nucleofector instrument (Lonza, Basel, Switzerland) with the
P3 primary cell solution kit using the program EO-117. Briefly,
5 x 10° CD19" CLL cells were transfected with 10 pg of IDO1
plasmid vector (Cat# HG11650-NF) or the corresponding empty
vector pCMV3-Negative Control (Cat# CV020) (all from Sino
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Biological Inc., Shanghai, China). The expression of AHR was
silenced using TriFECTa® Kit DsiRNA Duplex (IDT Design ID#
hs.Ri.AHR.13) at a concentration of 200 nM. Non-targeted
negative control siRNA was used as negative control in all
experiments. Transfected cells were subsequently plated in
RPMI-1640 medium supplemented with 10% FBS and
analyzed at indicated time points.

CLL Cell Viability

The apoptotic cell death of CLL cells was analyzed using Annexin
V-FITC and propidium iodide (PI) staining (Thermo Fisher
Scientific Cat# BMS500FI/100). Viability was defined as the
percentage of Annexin V-/PI- cells, while apoptosis was
defined as the percentage of Annexin V+/PI- cells. Events were
acquired using the BD Accuri' C6 Plus Flow Cytometer System
(Becton Dickinson) and then analyzed by FlowJo Software
(Tree Star).

Statistical Analyses

Data were analyzed using GraphPad Prism 6 (GraphPad
Software) or R 3.6.3 software (The R Foundation for Statistical
Computing). In some experiments, results were normalized on
control (100%) (vehicle-treated samples). Normalization was
performed by dividing the value of a particular treated sample
to the value of the corresponding sample treated with vehicle.
p values were calculated by Student paired t test, and repeated-
measure two- or three-way ANOVA (*p < 0.05, **p < 0.01, **p <
0.001). When applicable, experiments followed a complete
factorial design with two or three experimental factors. Data
from each experiment were analyzed with a repeated-measure
approach. Firstly, a full model was estimated, including all
pairwise and—if the case—higher-order interaction terms.
When interaction terms were not statistically significant, they
were removed from the models and only the main effects for each
factor were estimated. Main effects were reported as the mean
difference (MD) with 95% confidence intervals (CI). Repeated-
measure analyses were carried out with linear mixed models with
a random intercept for each individual and random slope terms
for each factor (without interactions). Data are presented as
mean and standard error of the mean (SEM) is depicted as
error bars.

RESULTS

IDO1 Is Expressed in CLL and

Modulated by Stimuli That Mimic

Tumor Microenvironment

Firstly, we characterized IDO1 expression in CLL. CD19" cells
were purified from peripheral blood of untreated patients and
inspected for IDO1 mRNA expression, detecting a variable
amount in all samples (data not shown). These data were
confirmed analyzing the expression level of IDO1 protein as
shown in Figure 1A. After exposure to IFN-y, a known inducer
of IDO1, CD19" leukemic cells strongly upregulated IDO1
protein (Figure 1B). Given the pivotal role of TME in CLL

progression and clonal evolution, we decided to evaluate the
impact of microenvironmental signaling on IDOI regulation in
CLL. Purified CD19" cells were treated with different stimuli to
trigger the B cell receptor (BCR), toll-like receptor (TLR) 4, TLR
7-9, CD40, and TNF receptor, in order to mimic the CLL
microenvironment. After 4 h of stimulation, we observed a
significant increase in IDO1 mRNA level in samples treated
with IFN-y ( p = 0.037), with LPS (p = 0.028), with anti-IgM (p =
0.021), with CpG DNA (p = 0.032), with CD40L + IL-4 (p =
0.049), and with TNF-a (p = 0.003) (Figure 1C). Accordingly,
we also detected significantly higher IDO1 protein in CLL cells
following each stimulation if compared to controls after 24 h, as
reported in Figure 1D.

IFN-y/Jak/STAT1 Pathway Regulates

the Production of Enzymatically

Active IDO1 in CLL

We investigated whether overexpressed IDO1 was mediated by the
Jak/STAT1 pathway and was enzymatically active. Firstly, we
pretreated CLL cells with a JAK1/2 inhibitor, INCB018424,
leading to the blockade of the intracellular signaling molecules
downstream to IFN-y. A dose escalation of INCB018424 (0.1-
1 uM) significantly impaired the expression of IDO1 in a dose-
dependent manner with a concomitant reduction of
phosphorylated and total STAT1 protein levels induced by
IFN-y stimulation (Figure 2A, both p < 0.05). The reduction of
IDOL1 level by the most effective dose of INCB018424 (1 uM) was
also confirmed by immunofluorescence (Figure 2B, p = 0.046).
Because IDO1 activity can be indirectly estimated by determining
the ratio between the amount of metabolites produced to the
degraded substrate (32), we quantified the Kyn and Trp levels in
the conditioned media of cultured CLL cells. Treatment of CD19"
cells with IFN-y induced a significant production of Kyn (from 0.7
puM + 0.1 uM to 4.2 uM + 0.50 puM, p = 0.002) with a concomitant
depletion of Trp (from 14.0 uM £ 0.3 uM to 8.1 uM £ 0.6 uM, p <
0.001) if compared to control. Again, treatment with INCB018424
1 uM significantly affected the production of Kyn (1.0 + 0.4 uM, p
= 0.018) (Figure 2C). As a result, the [Kyn]/[Trp] ratio calculated
after IFN-y stimulation increased considerably (from 0.05 + 0.003
to 0.54 + 0.083, p = 0.004) indicating the full activity of the IDO1
enzyme. A minimal IDO1 activity was observed in INCB018424-
treated CLL cells, in which the [Kyn]/[Trp] ratio was significantly
decreased (0.09 + 0.054, p = 0.028) (Figure 2C). Overall, these
findings showed that CLL cells respond to IFN-y stimulation
upregulating an active form of IDO1 protein, confirming that
this enzyme is active and inducible in CLL.

IDO1 Is Involved in Preserving

CLL Survival

To specifically investigate the functional role of IDO1 in CLL
cells, transfection of the IDO1 vector or empty vector as control
was performed. We detected a significant IDO1 overexpression
comparable to the induction previously obtained with IFN-y
stimulation (Figure 3A, p = 0.018). We used the LC-MS/MS
procedure for Kyn and Trp dosage in conditioned media of
IDO1-transfected CD19" cells, confirming the increased activity
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FIGURE 1 | CLL cells up-regulate IDO1 in response to stimuli that mimic microenvironmental signals. (A) Purified leukemic CD19* cells from CLL patients were serum starved
for 1 h. Then the basal level of IDO1 was inspected by Western blot (n = 8) and illustrated by a bar diagram. (B) Flow cytometric histograms represent a high IDO1 level in
CD19* cells treated for 24 h with IFN-y compared to the untreated control sample and isotype sample. (C) Bar diagram represents IDO7 expression in CD19* CLL measured by
real-time PCR. Samples were treated for 4 h with one of microenvironment stimuli individually (Student paired t test, *p < 0.05, *p < 0.01; n = 5). (D) Immunoblots represent
IDO1 protein induction after 24 h of stimulation with the abovementioned factors. Histograms below represent the densitometric quantifications (Student paired t test, *p < 0.05,

“p <0.01; n =5).

of the overexpressed enzyme compared to the control (Kyn from
0.3 uM + 0.02 pM to 0.6 uM * 0.06 uM, p = 0.002; Trp from 15.7
UM + 1.0 uM to 12.7 uM + 0.5 pM, p = 0.028; [Kyn]/[Trp] ratio
from 0.02 £ 0.003 to 0.05 + 0.005, p = 0.005; Figure 3B). The
genetic modulation of IDOI1 determined an increase of CLL
survival (from 66.9% * 2.4% to 73.5% + 2.7% of viable cells, p =
0.015) (Figure 3C). This result was also confirmed by measuring
a decrease in the apoptotic rate after transfection with the IDO1
vector, as shown in Supplementary Figure 1A. Moreover, we
treated purified CD19" cells with exogenous Kyn to mimic the
effect of IDO1 enzymatic action. As expected, Kyn promoted a
significant increase in CLL cell viability (from 33.7% * 3.8% to
41.1% + 3.4%, p = 0.002) (Figure 3D) and a decrease in CLL cell
apoptosis (Supplementary Figure 1B). These data confirmed the
involvement of IDO1 and its derived metabolite in preserving
CLL cell survival.

AHR Promotes Cell Survival Modulating
MCL1 in CLL Cells

Kyn is a potent endogenous activator of AHR (33), a ligand-
controlled transcription factor that regulates enzymes
metabolizing xenobiotic chemicals, such as cytochrome P450s
(34). Therefore, we inspected if Kyn produced by CLL cells
could act through an autocrine and/or paracrine loop on AHR.
We observed that Kyn treatment is able to induce the

transcription of CYPIAI, a known target of AHR (Figure 4A,
p = 0.021). Then, we silenced AHR expression by siRNA
transfection observing its significant impairment (Figure 4B,
p = 0.02). Accordingly, CYP1A1 expression was decreased by
AHR silencing (Supplementary Figure 2A). In this context, we
detected a significant reduction of MCL1 expression in CLL cells
consequent to the decreased AHR level (Figure 4B, p = 0.004).
Of note, reduction of AHR determined a significant decrease in
CLL cell viability (from 53.0% =+ 4.1% to 42.3% + 4.8%, p = 0.003)
(Figure 4C). As a consequence, the apoptotic rate of AHR-
silenced CLL cells was increased (Supplementary Figure 2A).
Accordingly, we pretreated isolated CD19" cells with CH-
223191, an AHR antagonist, and then we analyzed the
expression of MCLI. Inhibition of AHR was able to affect
MCL1 expression induced by Kyn stimulation, both at
transcriptional (from 137.1% * 2.7% to 120.5% * 0.4%, p
0.028) (Figure 4D) and protein levels (from 128.6% + 3.4% to
109.4% + 4.2%, p = 0.002) (Figure 4E).

MCL1 Induction by the IDO1/Kyn/AHR Axis
Affects the Response to ABT-199 in CLL

A high expression of B-cell lymphoma-extra large (BCL-xL) and
MCLI has reported to contribute to reduced response to ABT-
199 in CLL (35). Therefore, to evaluate the effect of IDOI-
induced survival on CLL cell sensitivity to ABT-199 treatment,
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we treated CD19" cells with Kyn, and then we added or not ABT-
199 1 nM. We found that the killing effect of the BCL2 inhibitor
was impaired in CLL because of the Kyn-mediated survival
signal. Indeed, Kyn pre-incubation improved the percentage of
viable cells in both settings, with or without ABT-199 treatment,
from 54.7% + 1.6% to 58.4% + 1.6% and from 68.0% * 1.4% to
71.8% * 1.3%, respectively (Figure 5A). The interaction effect
was not significant. The main effects were MD = 3.76, [95% CI =
2.12; 5.40], p = 0.001, for Kyn treatment and MD = -13.32, [95%
CI = -20.73; -5.92], p = 0.006, for ABT-199 treatment. Given the
important role of the IDO1/Kyn/AHR axis in the induction of
MCLI1 documented above, we pretreated CD19" cells with CH-
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FIGURE 2 | IDO1 protein induction and activity can be regulated by IFN-y in CLL. (A) Purified CLL cells were pretreated with two doses (0.1-1 uM) of INCB018424
for 1 h prior to IFN-y stimulation for 24 h. Immunoblots depict IDO1, tSTAT1, and pSTAT1 protein levels in a representative case. Histograms on the right represent
the densitometric quantifications of IDO1 and pSTAT1ASTAT1 in 5 CLL samples (Student paired t test, *p < 0.05; n = 5). (B) Immunofluorescence staining shows
the ability of INCB018424 1 uM to reduce IDO1 expression induced by IFN-y. Scale bar is 20 pm. Box plots summarize the fluorescent levels in DMSO, IFN-y, or
IFN-y + INCB018424-treated CLL cells (Student paired t test, *p < 0.05; n = 9). (C) Conditioned media were collected after INCB018424 pretreatment (or not) and
IFN-vy incubation for 24 h. Dot plots on the left represent the mean of the Kyn concentration measured by LC-MS/MS analytical technique in 5 separated experiments
(Student paired t test, *p < 0.05, **p < 0.01; n = 5). The central dot plots represent the mean of the Trp concentration (Student paired t test, *p < 0.05, **p < 0.001;
n = 5). The resultant [Kyn]/[Trp] ratio calculated is depicted in the right dot plot (Student paired t test, *p < 0.05, *p < 0.01; n = 5).

223191 to block the signaling downstream to Kyn prior to ABT-
199 1-nM addition. AHR inhibition promoted apoptotic cell
death because CH-22311 showed an additive effect with ABT-
199 in CLL (cell viability from 56.6% * 2.1% to 48.8% =+ 3.0%)
(Figure 5B) as deduced from the main effects obtained for the
three treatments (MD = 3.80, [95% CI = 0.88; 6.73], p = 0.043;
MD = -4.81, [95% CI = -7.00; -2.62], p = 0.003; MD = -16.63,
[95% CI = -26.79; -6.46], p = 0.019 for Kyn, Ch-223291 and
ABT-199 treatments, respectively). Since inhibition of MCL1 is
effective in CLL cells and the MCL1 antagonist, AMG-176, has
been demonstrated to induce apoptosis in the CLL setting (36),
we wanted to evaluate if AMG-176 could impair Kyn-mediated
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survival of CLL cells. Hence, isolated CD19" cells were pre-
incubated with Kyn and then two doses of AMG-176 (100-300
nM) were tested. After 5 h of culture with AMG-176, we detected
in all our conditions a significant induction of apoptosis
(Figure 5C). Since the interaction effect was not significant, the
main effects were MD = -1.238, [95% CI = -2.966; 0.4911], p =
0.14, and MD = 15.45, [95% CI = 10.76; 20.15], p < 0.001, for Kyn
and AMG-176 100 nM treatment; MD = -0.7250, [95% CI =
-2.215; 0.7651], p = 0.31, and MD = 29.68, [95% CI = 21.29;
38.06], p < 0.001, for Kyn and AMG-176 300 nM treatment,
respectively. However, directly inhibiting MCL1, AMG-176
completely nullified the survival effect of Kyn, as no difference
in cell viability was found in the comparison between samples
treated with Kyn and AMG-176 or the MCL1 inhibitor alone.
Summarizing, these data showed that the IDO1/Kyn/AHR axis
induces survival in CLL leukemic cell through the maintenance
of high levels of MCL1.
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FIGURE 3 | CLL cell survival is promoted by IDO1 overexpression. (A) CLL cells were transfected with an IDO1-expressing vector or an empty vector. After 24 h from
transfection, the IDO1 protein level was measured by Western blot. Bar diagrams represent the densitometric quantifications of IDO1 (Student paired t test, *p < 0.05;

n = 5). (B) Conditioned media were collected 24 h post transfection with the IDO1 vector or empty vector. Dot plots on the left represent the mean of the Kyn
concentration measured by HPLC in 8 separated experiments (Student paired t test, ““p < 0.01; n = 8). The central dot plots represent the mean of the Trp concentration
(Student paired t test, *p < 0.05; n = 8). The resultant [Kyn)/[Trp] ratio calculated is depicted in the right dot plot (Student paired t test, **p < 0.01; n = 8). (C) Box plots
represent the percentage of viable CLL cells after 24 h of transfection with IDO1-expressing vector or empty vector (Student paired t test, *p < 0.05; n = 5). (D) Box plots
represent the percentage of CLL cell viability measured after 48 h of stimulation with Kyn 100 uM (Student paired t test, *p < 0.01; n = 6).

DISCUSSION

IDOL is an intracellular enzyme that initiates the first and rate-
limiting step of Trp breakdown along the kynurenine pathway.
In different tumors, IDOI is constitutively expressed by the
tumor cells themselves and also by tumor-associated cells, such
as dendritic cells or endothelial cells (17).

Here, we demonstrated for the first time that CLL cells
express an active and functional form of IDO1 enzyme and
that microenvironmental stimuli, as inflammatory and pro-
survival factors, are able to strongly induce a positive
modulation of IDO1 expression. In line with previous
literature, IFN-y strongly induces IDO1 expression through the
Jak/STAT1 signaling pathway in CLL. The kynurenine-to-
tryptophan ratio is frequently used to measure or reflect the
activity of IDO1. The elevated plasma level of the [Kyn]/[Trp]
ratio was detected in patients diagnosed with various solid
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tumors but also in CLL cases and often correlate with poor
prognosis (18-24, 26). High levels of Kyn concomitantly with
consumption of Trp were detected in conditioned media
collected from CD19" CLL cells stimulated with IFN-vy,
confirming that the overexpressed IDO1 enzyme was active in
CLL cells. Accordingly, we found that blocking IFN-7 signaling
via INCB018424 interferes with IDO1 induction, STAT1
phosphorylation, and Kyn production. Overall, our findings
suggested that IDO1 may be abnormally produced and
activated in leukemic cells in response to signals known to be
present inside the tissue microenvironment.

Nowadays, attention has been focused on the effects of IDO1,
because in addition to immune regulation, activation of the
IDO1/Kyn/AHR axis affects tumor cell viability, proliferation,
and apoptosis in vitro. It was demonstrated that blockade of
IDO1 activity in cancer cells could reduce B-catenin activation
and inhibit cell proliferation (37). IDO1 silencing in melanoma
cells inhibited cancer cell proliferation and induced cell apoptosis
(38). We argued whether the IDO1 pathway may trigger survival
stimuli on CLL cells by establishing an autocrine loop and/or by
acting throughout the microenvironment. We observed an
enhanced resistance to spontaneous apoptosis in CLL cells
when IDO1 expression was forced with the plasmid vector.
This pro-survival influence induced by IDOL is also confirmed
by treating CLL cells with Kyn, the main metabolite of the IDO1
enzyme. Accordingly, we demonstrated that Kyn activates AHR
transcriptional activity in CLL cells. AHR is involved in the
formation of tumors as its activation enhanced clonogenic
survival and motility of tumor cells (39, 40) and as transgenic
mice with a constitutively active AHR spontaneously develop
tumors (41). As a consequence, we argued whether AHR may
have a role in CLL survival and maintenance. Although the study
of Gonder and colleagues showed that the conditional knockout
of AHR in CD19" B cells of the Eu-TCL1 mouse model seems to
have no impact on CLL progression or survival in vivo (42), we
demonstrated that AHR silencing on CLL cells significantly
increased apoptosis of CD19" clones in vitro. These conflicting
findings keep open the debate about AHR’s active involvement
in CLL leukemogenesis and maintenance, which requires
further investigation.

The BCL2 family proteins are well-known modulators of
apoptosis. B-cell malignancies, such as CLL and follicular
lymphomas, are functionally dependent on BCL2 for survival
(43). Surprisingly, CLL cells treated with AHR agonist Kyn
showed increased MCLI transcript and protein. Conversely, we
found that blocking AHR via CH-223191 or by AHR silencing
abrogates MCL1 expression. Our data suggest that AHR blocking
interferes with the survival of CLL cells by limiting the expression
of MCLI. Here, we also evaluated whether IDO1/Kyn/AHR
signaling may determine protection against drug-induced
apoptosis as reported in solid tumors (44, 45). Mature B-cells,
both normal and leukemic (CLL), are highly sensitive to BCL2
inhibition by ABT-199, which induces BAX/BAK-mediated
apoptosis triggered mainly by BIM (46), but ABT-199 is much
less effective against CLL cells that have received survival signals
from the microenvironment (47). Sustained engagement of the
BCR induces MCL1 (48), and high levels of MCL1 have been

shown to protect CLL, other hematological malignancies, and
certain solid tumors from ABT-199 (47). We found that Kyn-
treated CLL cells are less affected by the pro-apoptotic effect of
ABT-199. AHR blockade by the CH-223191 antagonist inhibited
the Kyn-mediated protection against ABT-199-induced
apoptosis. Moreover, at low concentrations of ABT-199, CH-
223191 showed synergistic or additive cytotoxicity to CLL
lymphocytes. Finally, we wanted to confirm that the IDO1/
Kyn/AHR axis improves CLL survival through MCL1
induction, targeting MCL1 itself. AMG-176 is a selective and
direct antagonist of MCL1, which has shown efficacy in
several hematological malignancies, including CLL (36). As
expected, CD19" cells rapidly went into apoptosis after
AMG-176 treatment even if treated with Kyn. Indeed, AMG-
176 completely neutralized the survival effect of the IDOI1/
Kyn/AHR pathway in CLL. In this scenario, the IDOI
pathway activated in CLL cells by stimuli from other cell
types, such as endothelial cells, NLCs, MDSCs, and T cells
inside microenvironmental niches, could interfere with the
effect of novel targeted drugs currently used for CLL patients’
management. The results support the notion that the activation
status of the IDO1/Kyn/AHR axis may be of relevance in CLL
clinical outcome.

Several issues concerning the role of IDO1 in CLL remain to
be explored. First, multiple mechanisms at both transcriptional
(i.e., Bridging integrator 1, Bin1) and posttranslational levels (i.e.,
suppressor of cytokine signaling 3, SOCS3) may be implicated in
the abnormal levels of IDOI1. Second, the mechanisms
underlying AHR induction of MCL1 are not fully elucidated.
Upon ligand binding, AHR translocates to the nucleus and the
formation of AHR-AHR nuclear translocator (ARNT)
heterodimer leads to the transcription of dioxin-responsive
element-containing genes (49). In addition to the canonical
pathway characterized by AHR nuclear translocation through
which AHR regulates target gene expression, AHR influences
many biological processes through non-genomic signaling
mechanisms (45). Further studies are needed to clarify the
molecular cascade that links IDO1 activity to MCLI expression
through not only Kyn and AHR. On this line, we have planned to
confirm our findings in an adoptive transfer mouse model of
CLL. An in vivo study will allow (i) to evaluate the effects of the
IDO1/Kyn/AHR axis on the complexity of the leukemic
microenvironment; (ii) to consider the impact of the known
deregulation of nicotinate/nicotinamide pathways and purine
metabolism by the action of IDO1 (50); and (iii) to analyze the
effects of IDO1 and AHR inhibitors on the leukemic population
evaluating the disease dynamics (insurgence, aggressiveness,
progression and remission).

In conclusion, our data show for the first time that CLL cells
express an active IDO1 enzyme that produces high levels of Kyn
consuming Trp via the kynurenine pathway. The results also
demonstrate that the IDO1/Kyn/AHR axis plays a role in
survival and drug resistance of leukemic cells. The observed
ability of the AHR selective antagonist to interfere with
protective signals of CLL cells may be explored, both
experimentally and clinically, as a possible novel therapeutic
approach in CLL.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 832263


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Atene et al.

IDO/Kyn/AHR Axis Mediates CLL Survival

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by 1003/2018/SPER/AOUMO - IDO in CLL-
“Indoleamina-2,3-diossigenasi come mediatore della tolleranza
immunitaria nella leucemia linfatica cronica - IDO”. The
patients/participants provided their written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

RMaf and RMar conceived and coordinated the research and
interpreted the results. CA performed the in vitro experiments,
performed the statistical analyses, interpreted the results, and wrote
the manuscript. SF acquired and analyzed the flow cytometric data.
NM performed molecular analyses and contributed to Western
blot analyses. SA performed LC-MS/MS analyses. MM and GL
provided patient samples and clinical data. SM managed the
biological samples. LP, ML, RMaf, and RMar revised and
approved the final version of the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by Associazione Italiana per la Ricerca
sul Cancro (IG21436 RMar) and Progetto Dipartimenti di

REFERENCES

1. Hallek M. Chronic Lymphocytic Leukemia: 2020 Update on Diagnosis, Risk
Stratification and Treatment. Am ] Hematol (2019) 94:1266-87. doi: 10.1002/
ajh.25595

2. Defoiche ], Debacq C, Asquith B, Zhang Y, Burny A, Bron D, et al. Reduction
of B Cell Turnover in Chronic Lymphocytic Leukaemia. Br ] Haematol (2008)
143:240-7. doi: 10.1111/j.1365-2141.2008.07348.x

3. Cutucache CE. Tumor-Induced Host Immunosuppression: Special Focus on
CLL. Int Immunopharmacol (2013) 17:35-41. doi: 10.1016/j.intimp.2013.
05.021

4. Kater AP, Wu JQ, Kipps T, Eichhorst B, Hillmen P, D’Rozario J, et al.
Venetoclax Plus Rituximab in Relapsed Chronic Lymphocytic Leukemia: 4-
Year Results and Evaluation of Impact of Genomic Complexity and Gene
Mutations From the MURANO Phase III Study. J Clin Oncol Am Soc Clin
Oncol (2020) 38:4042-54. doi: 10.1200/JC0O.20.00948

5. Haselager MV, Kater AP, Eldering E. Proliferative Signals in Chronic
Lymphocytic Leukemia; What Are We Missing? Front Oncol (2020)
10:592205. doi: 10.3389/fonc.2020.592205

6. Moffett JR, Namboodiri MA. Tryptophan and the Immune Response.
Immunol Cell Biol (2003) 81:247-65. doi: 10.1046/j.1440-1711.2003.t01-1-
01177.x

7. Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ, Marshall B, et al.
Prevention of Allogeneic Fetal Rejection by Tryptophan Catabolism. Science
(1998) 281:1191-3. doi: 10.1126/science.281.5380.1191

Eccellenza 2018-2022. SF was supported by an annual
fellowship from Fondazione Umberto Veronesi, Italy.

ACKNOWLEDGMENTS

We would like to thank Federico Banchelli and the Medical
Statistics Unit directed by Prof. Roberto D’Amico (Department
of Medical and Surgical Sciences, University of Modena
and Reggio Emilia) for providing their expertise with
statistical analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
832263/full#supplementary-material

Supplementary Figure 1 | IDO1 overexpression and Kyn treatment reduce
apoptosis of CLL cells. (A) Box plots represent the percentage of apoptotic CLL
cells after 24 h of transfection with IDO1-expressing vector or empty vector (Student
paired t test, *p < 0.05; n = 5). (B) Apoptotic CLL cells measured after 48 h of
stimulation with Kyn 100 uM are depicted in box plots (Student paired t test, “*p <
0.01;n=6).

Supplementary Figure 2 | Silencing of AHR in CLL cells reduces CYP1A1
protein expression and enhances apoptosis. (A) Immunoblots show expression of
CYP1A1 48 h after transfection with scramble or AHR siRNA in 3 representative
CLL samples. Histograms show densitometric quantification of CYP1A1 protein
level (Student paired t test, *p < 0.05; n = 6). (B) Box plots represent the percentage
of apoptotic CLL cells after 48 h from transfection with AHR siRNA or scramble
(Student paired t test, **p < 0.001; n = 5).

Supplementary Table 1 | List of primers used for Real Time PCR.

Supplementary Table 2 | List of primary antibodies used in this study.

8. Grohmann U, Fallarino F, Puccetti P. Tolerance, DCs and Tryptophan: Much
Ado About IDO. Trends Immunol (2003) 24:242-8. doi: 10.1016/S1471-4906
(03)00072-3

9. Burke F, Knowles RG, East N, Balkwill FR. The Role of Indoleamine 2,3-

Dioxygenase in the Anti-Tumour Activity of Human Interferon-y In Vivo. Int

J Cancer (1995) 60:115-22. doi: 10.1002/ijc.2910600117

Mbongue JC, Nicholas DA, Torrez TW, Kim NS, Firek AF, Langridge WHR.

The Role of Indoleamine 2, 3-Dioxygenase in Immune Suppression and

Autoimmunity. Vaccines (2015) 3:703-29. doi: 10.3390/vaccines3030703

Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, Ferrara GB.

Tryptophan-Derived Catabolites Are Responsible for Inhibition of T and

Natural Killer Cell Proliferation Induced by Indoleamine 2,3-Dioxygenase.

J Exp Med (2002) 196:459-68. doi: 10.1084/jem.20020121

Uyttenhove C, Pilotte L, Théate I, Stroobant V, Colau D, Parmentier N, et al.

Evidence for a Tumoral Immune Resistance Mechanism Based on

Tryptophan Degradation by Indoleamine 2,3-Dioxygenase. Nat Med (2003)

9:1269-74. doi: 10.1038/nm934

Kewley R], Whitelaw ML, Chapman-Smith A. The Mammalian Basic Helix-

Loop-Helix/PAS Family of Transcriptional Regulators. Int ] Biochem Cell Biol

(2004) 36:189-204. doi: 10.1016/S1357-2725(03)00211-5

Cheong JE, Sun L. Targeting the IDO1/TDO2-KYN-AhR Pathway for

Cancer Immunotherapy - Challenges and Opportunities. Trends Pharmacol

Sci (2018) 39:307-25. doi: 10.1016/j.tips.2017.11.007

Liu X, Shin N, Koblish HK, Yang G, Wang Q, Wang K, et al. Selective

Inhibition of IDO1 Effectively Regulates Mediators of Antitumor

10.

11.

12.

13.

14.

15.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 832263


https://www.frontiersin.org/articles/10.3389/fimmu.2022.832263/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.832263/full#supplementary-material
https://doi.org/10.1002/ajh.25595
https://doi.org/10.1002/ajh.25595
https://doi.org/10.1111/j.1365-2141.2008.07348.x
https://doi.org/10.1016/j.intimp.2013.05.021
https://doi.org/10.1016/j.intimp.2013.05.021
https://doi.org/10.1200/JCO.20.00948
https://doi.org/10.3389/fonc.2020.592205
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1126/science.281.5380.1191
https://doi.org/10.1016/S1471-4906(03)00072-3
https://doi.org/10.1016/S1471-4906(03)00072-3
https://doi.org/10.1002/ijc.2910600117
https://doi.org/10.3390/vaccines3030703
https://doi.org/10.1084/jem.20020121
https://doi.org/10.1038/nm934
https://doi.org/10.1016/S1357-2725(03)00211-5
https://doi.org/10.1016/j.tips.2017.11.007
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Atene et al.

IDO/Kyn/AHR Axis Mediates CLL Survival

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Immunity. Blood (2010) 115:3520-30. doi: 10.1182/blood-2009-09-
246124

Pilotte L, Larrieu P, Stroobant V, Colau D, Dolusic E, Frédérick R, et al.
Reversal of Tumoral Immune Resistance by Inhibition of Tryptophan 2,3-
Dioxygenase. Proc Natl Acad Sci USA (2012) 109:2497-502. doi: 10.1073/
pnas.1113873109

Munn DH, Mellor AL. IDO in the Tumor Microenvironment: Inflammation,
Counter-Regulation, and Tolerance. Trends Immunol (2016) 37:193-207.
doi: 10.1016/j.it.2016.01.002

Corm S, Berthon C, Imbenotte M, Biggio V, Lhermitte M, Dupont C, et al.
Indoleamine 2,3-Dioxygenase Activity of Acute Myeloid Leukemia Cells Can
be Measured From Patients” Sera by HPLC and Is Inducible by IFN-y. Leuk
Res (2009) 33:490-4. doi: 10.1016/j.Jeukres.2008.06.014

Ninomiya S, Hara T, Tsurumi H, Goto N, Saito K, Seishima M, et al.
Indoleamine 2,3-Dioxygenase Expression and Serum Kynurenine
Concentrations in Patients With Diffuse Large B-Cell Lymphoma. Leuk
Lymphoma (2012) 53:1143-5. doi: 10.3109/10428194.2011.643472

Chen JY, Li CF, Kuo CC, Tsai KK, Hou MF, Hung WC. Cancer/stroma
Interplay via Cyclooxygenase-2 and Indoleamine 2,3-Dioxygenase Promotes
Breast Cancer Progression. Breast Cancer Res (2014) 16:1-14. doi: 10.1186/
$13058-014-0410-1

Ferns DM, Kema IP, Buist MR, Nijman HW, Kenter GG, Jordanova ES.
Indoleamine-2,3-Dioxygenase (IDO) Metabolic Activity Is Detrimental for
Cervical Cancer Patient Survival. Oncolmmunology (2015) 4:1-7.
doi: 10.4161/2162402X.2014.981457

Wainwright DA, Balyasnikova IV, Chang AL, Ahmed AU, Moon KS,
Auffinger B, et al. IDO Expression in Brain Tumors Increases the
Recruitment of Regulatory T Cells and Negatively Impacts Survival. Clin
Cancer Res (2012) 18:6110-21. doi: 10.1158/1078-0432.CCR-12-2130
Speeckaert R, Vermaelen K, Van Geel N, Autier P, Lambert J, Haspeslagh M,
et al. Indoleamine 2,3-Dioxygenase, a New Prognostic Marker in Sentinel
Lymph Nodes of Melanoma Patients. Eur | Cancer (2012) 48:2004-11.
doi: 10.1016/j.¢jca.2011.09.007

Inaba T, Ino K, Kajiyama H, Yamamoto E, Shibata K, Nawa A, et al. Role of
the Immunosuppressive Enzyme Indoleamine 2,3-Dioxygenase in the
Progression of Ovarian Carcinoma. Gynecologic Oncol (2009) 115:185-92.
doi: 10.1016/j.ygyn0.2009.07.015

Tang K, Wu YH, Song Y, Yu B. Indoleamine 2,3-Dioxygenase 1 (IDO1)
Inhibitors in Clinical Trials for Cancer Immunotherapy. ] Hematol Oncol
(2021) 14:1-21. doi: 10.1186/s13045-021-01080-8

Lindstrom V, Aittoniemi J, Jylhava J, Eklund C, Hurme M, Paavonen T, et al.
Indoleamine 2,3-Dioxygenase Activity and Expression in Patients With
Chronic Lymphocytic Leukemia. Clin Lymphoma Myeloma Leuk (2012)
12:363-5. doi: 10.1016/j.clm1.2012.06.001

Giannoni P, Pietra G, Travaini G, Quarto R, Shyti G, Benelli R, et al. Chronic
Lymphocytic Leukemia Nurse-Like Cells Express Hepatocyte Growth Factor
Receptor (C-MET) and Indoleamine 2,3-Dioxygenase and Display Features of
Immunosuppressive Type 2 Skewed Macrophages. Haematologica (2014)
99:1078-87. doi: 10.3324/haematol.2013.091405

Jitschin R, Braun M, Biittner M, Dettmer-Wilde K, Bricks J, Berger J, et al.
CLL-Cells Induce IDOhi CD14+HLA-DRlo Myeloid-Derived Suppressor
Cells That Inhibit T-Cell Responses and Promote TRegs. Blood (2014)
124:750-60. doi: 10.1182/blood-2013-12-546416

Oztiirk S, Kalter V, Roessner PM, Sunbul M, Seiffert M. Idol-Targeted
Therapy Does Not Control Disease Development in the Ep-Tcll Mouse
Model of Chronic Lymphocytic Leukemia. Cancers (2021) 13:1-12.
doi: 10.3390/cancers13081899

Maffei R, Fiorcari S, Benatti S, Atene CG, Martinelli S, Zucchini P, et al. IRF4
Modulates the Response to BCR Activation in Chronic Lymphocytic
Leukemia Regulating IKAROS and SYK. Leukemia (2021) 35:1330-43.
doi: 10.1038/s41375-021-01178-5

Borsini A, Alboni S, Horowitz MA, Tojo LM, Cannazza G, Su K-P, et al.
Rescue of IL-1B-Induced Reduction of Human Neurogenesis by Omega-3
Fatty Acids and Antidepressants. Brain Behav Immun (2017) 65:230-8.
doi: 10.1016/j.bbi.2017.05.006

Badawy AAB, Guillemin G. The Plasma [Kynurenine]/[Tryptophan] Ratio
and Indoleamine 2,3-Dioxygenase: Time for Appraisal. Int ] Tryptophan Res
(2019) 12:1-10. doi: 10.1177/1178646919868978

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham W], Bradfield CA.
An Interaction Between Kynurenine and the Aryl Hydrocarbon Receptor Can
Generate Regulatory T Cells. J Immunol (Baltimore Md : 1950) (2010)
185:3190. doi: 10.4049/JIMMUNOL.0903670

Sogawa K, Fujii-Kuriyama Y. Ah Receptor, a Novel Ligand-Activated
Transcription Factor. | Biochem (1997) 122:1075-9. doi: 10.1093/
OXFORDJOURNALS.JBCHEM.A021864

Choudhary GS, Al-Harbi S, Mazumder S, Hill BT, Smith MR, Bodo J, et al.
MCL-1 and BCL-xL-Dependent Resistance to the BCL-2 Inhibitor ABT-199
Can be Overcome by Preventing PI3K/AKT/mTOR Activation in
Lymphoid Malignancies. Cell Death Dis (2015) 6:¢1593-12. doi: 10.1038/
cddis.2014.525

Yi X, Sarkar A, Kismali G, Aslan B, Ayres M, Iles LKR, et al. AMG-176, an
Mcl-1 Antagonist, Shows Preclinical Efficacy in Chronic Lymphocytic
Leukemia. Clin Cancer Res Off ] Am Assoc Cancer Res (2020) 26:6856-67.
doi: 10.1158/1078-0432.CCR-19-1397

Thaker Al Rao MS, Bishnupuri KS, Kerr TA, Foster L, Marinshaw JM, et al.
IDO1 Metabolites Activate B-Catenin Signalin. Gastroenterology (2013)
145:416-25. doi: 10.1053/j.gastro.2013.05.002.IDO1

Liu Y, Zhang Y, Zheng X, Zhang X, Wang H, Li Q, et al. Gene Silencing of
Indoleamine 2,3-Dioxygenase 2 in Melanoma Cells Induces Apoptosis
Through the Suppression of NAD+ and Inhibits In Vivo Tumor Growth.
Oncotarget (2016) 7:32329-40. doi: 10.18632/oncotarget.8617

Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, et al. An
Endogenous Tumour-Promoting Ligand of the Human Aryl Hydrocarbon
Receptor. Nature (2011) 478:197-203. doi: 10.1038/NATURE10491
Gramatzki D, Pantazis G, Schittenhelm J, Tabatabai G, Koéhle C, Wick W,
et al. Aryl Hydrocarbon Receptor Inhibition Downregulates the TGF-B/Smad
Pathway in Human Glioblastoma Cells. Oncogene (2009) 28:2593-605.
doi: 10.1038/0n¢.2009.104

Andersson P, McGuire J, Rubio C, Gradin K, Whitelaw ML, Pettersson S, et al.
A Constitutively Active Dioxin/Aryl Hydrocarbon Receptor Induces Stomach
Tumors. Proc Natl Acad Sci USA (2002) 99:9990. doi: 10.1073/
PNAS.152706299

Gonder S, Largeot A, Gargiulo E, Pierson S, Botana IF, Pagano G, et al. The
Tumor Microenvironment-Dependent Transcription Factors Ahr and Hif-1o:
Are Dispensable for Leukemogenesis in the Eu-Tcll Mouse Model of Chronic
Lymphocytic Leukemia. Cancers (2021) 13:1-18. doi: 10.3390/cancers
13184518

Zhu H, Almasan A. Development of Venetoclax for Therapy of Lymphoid
Malignancies. Drug Design Dev Ther (2017) 11:685-94. doi: 10.2147/
DDDT.S109325

Ye M, Zhang Y, Gao H, Xu Y, Jing P, Wu J, et al. Activation of the Aryl
Hydrocarbon Receptor Leads to Resistance to EGFR TKIs in Non-Small Cell
Lung Cancer by Activating Src-Mediated Bypass Signaling. Clin Cancer Res
(2018) 24:1227-39. doi: 10.1158/1078-0432.CCR-17-0396

Xiong J, Zhang X, Zhang Y, Wu B, Fang L, Wang N, et al. Aryl Hydrocarbon
Receptor Mediates Jak2/STATS3 Signaling for Non-Small Cell Lung Cancer
Stem Cell Maintenance. Exp Cell Res (2020) 396:112288. doi: 10.1016/
j.yexcr.2020.112288

Khaw SL, Mérino D, Anderson MA, Glaser SP, Bouillet P, Roberts AW,
et al. Both Leukaemic and Normal Peripheral B Lymphoid Cells
Are Highly Sensitive to the Selective Pharmacological Inhibition of
Prosurvival Bcl-2 With ABT-199. Leukemia (2014) 28:1207-15. doi: 10.1038/
leu.2014.1

Bojarczuk K, Sasi BK, Gobessi S, Innocenti I, Pozzato G, Laurenti L, et al. BCR
Signaling Inhibitors Differ in Their Ability to Overcome Mcl-1-Mediated
Resistance of CLL B Cells to ABT-199. Blood (2016) 127:3192-201.
doi: 10.1182/blood-2015-10-675009

Petlickovski A, Laurenti L, Li X, Marietti S, Chiusolo P, Sica S, et al. Sustained
Signaling Through the B-Cell Receptor Induces Mcl-1 and Promotes Survival
of Chronic Lymphocytic Leukemia B Cells. Blood (2005) 105:4820-7.
doi: 10.1182/blood-2004-07-2669

Gutiérrez-Vazquez C, Quintana FJ. Regulation of the Immune Response by
the Aryl Hydrocarbon Receptor. Immunity (2018) 48:19-33. doi: 10.1016/
jimmuni.2017.12.012

Amobi-McCloud A, Muthuswamy R, Battaglia S, Yu H, Liu T, Wang J, et al.
IDO1 Expression in Ovarian Cancer Induces PD-1 in T Cells via Aryl

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 832263


https://doi.org/10.1182/blood-2009-09-246124
https://doi.org/10.1182/blood-2009-09-246124
https://doi.org/10.1073/pnas.1113873109
https://doi.org/10.1073/pnas.1113873109
https://doi.org/10.1016/j.it.2016.01.002
https://doi.org/10.1016/j.leukres.2008.06.014
https://doi.org/10.3109/10428194.2011.643472
https://doi.org/10.1186/s13058-014-0410-1
https://doi.org/10.1186/s13058-014-0410-1
https://doi.org/10.4161/2162402X.2014.981457
https://doi.org/10.1158/1078-0432.CCR-12-2130
https://doi.org/10.1016/j.ejca.2011.09.007
https://doi.org/10.1016/j.ygyno.2009.07.015
https://doi.org/10.1186/s13045-021-01080-8
https://doi.org/10.1016/j.clml.2012.06.001
https://doi.org/10.3324/haematol.2013.091405
https://doi.org/10.1182/blood-2013-12-546416
https://doi.org/10.3390/cancers13081899
https://doi.org/10.1038/s41375-021-01178-5
https://doi.org/10.1016/j.bbi.2017.05.006
https://doi.org/10.1177/1178646919868978
https://doi.org/10.4049/JIMMUNOL.0903670
https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A021864
https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A021864
https://doi.org/10.1038/cddis.2014.525
https://doi.org/10.1038/cddis.2014.525
https://doi.org/10.1158/1078-0432.CCR-19-1397
https://doi.org/10.1053/j.gastro.2013.05.002.IDO1
https://doi.org/10.18632/oncotarget.8617
https://doi.org/10.1038/NATURE10491
https://doi.org/10.1038/onc.2009.104
https://doi.org/10.1073/PNAS.152706299
https://doi.org/10.1073/PNAS.152706299
https://doi.org/10.3390/cancers13184518
https://doi.org/10.3390/cancers13184518
https://doi.org/10.2147/DDDT.S109325
https://doi.org/10.2147/DDDT.S109325
https://doi.org/10.1158/1078-0432.CCR-17-0396
https://doi.org/10.1016/j.yexcr.2020.112288
https://doi.org/10.1016/j.yexcr.2020.112288
https://doi.org/10.1038/leu.2014.1
https://doi.org/10.1038/leu.2014.1
https://doi.org/10.1182/blood-2015-10-675009
https://doi.org/10.1182/blood-2004-07-2669
https://doi.org/10.1016/j.immuni.2017.12.012
https://doi.org/10.1016/j.immuni.2017.12.012
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Atene et al.

IDO/Kyn/AHR Axis Mediates CLL Survival

Hydrocarbon Receptor Activation. Front Immunol (2021) 12:678999.
doi: 10.3389/fimmu.2021.678999

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Atene, Fiorcari, Mesini, Alboni, Martinelli, Maccaferri, Leonardi,
Potenza, Luppi, Maffei and Marasca. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 12

March 2022 | Volume 13 | Article 832263


https://doi.org/10.3389/fimmu.2021.678999
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Indoleamine 2, 3-Dioxygenase 1 Mediates Survival Signals in Chronic Lymphocytic Leukemia via Kynurenine/Aryl Hydrocarbon Receptor-Mediated MCL1 Modulation
	Introduction
	Materials and Methods
	Patients
	In Vitro CLL Stimulation and Drug Treatments
	Real-Time PCR
	Immunoblottings
	Immunofluorescence
	Flow Cytometry
	Sample Preparation for Metabolite Analysis
	Liquid Chromatography and Chemicals
	B-CLL Cell Transfection Strategy
	CLL Cell Viability
	Statistical Analyses

	Results
	IDO1 Is Expressed in CLL and Modulated by Stimuli That Mimic Tumor Microenvironment
	IFN-&gamma;/Jak/STAT1 Pathway Regulates the Production of Enzymatically Active IDO1 in CLL
	IDO1 Is Involved in Preserving CLL Survival
	AHR Promotes Cell Survival Modulating MCL1 in CLL Cells
	MCL1 Induction by the IDO1/Kyn/AHR Axis Affects the Response to ABT-199 in CLL

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


