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Translational significance 

In most tumors, IFN-γ provides a signal resulting in enhanced anti-tumor immunity and better 

clinical outcome. By contrast, our study reveals the “dark side” of IFN-γ in the creation of an 

immune-tolerant microenvironment enriched in Tregs and correlated with a worse prognosis in 

AML patients. In vitro and in vivo results demonstrate that IFN-γ released by AML cells, not by 

leukemia-infiltrating immune cells, remodels the BM immune and stromal microenvironment by 

inducing suppressive Tregs. Given the emerging role of immunotherapies for AML, our findings 

support the incorporation of a new panel of microenvironment-based immunological factors into 

current AML classification and prognostication systems. Moreover, a greater understanding of the 

IFN-γ-dependent tolerogenic tuning of the BM microenvironment provides the rationale for 

therapies targeting IFN-γ-driven immune-modulatory effects on stromal and immune AML 

microenvironment, i.e., IDO1 inhibitors, and combining the activation of effector cells with the 

inhibition of Tregs. 

Abstract 

Purpose: The stromal and immune bone marrow (BM) landscape is emerging as a crucial 

determinant for acute myeloid leukemia (AML). Regulatory T cells (Tregs) are enriched in the 

AML microenvironment, but the underlying mechanisms are poorly elucidated. Here, we addressed 

the effect of IFN-γ released by AML cells in BM Tregs induction and its impact on AML prognosis.  

Experimental design: BM aspirates from AML patients were subdivided according to IFNG 

expression. Gene expression profiles in INFG
high

 and IFNG
low

 samples were compared by 

microarray and NanoString analysis and used to compute a prognostic index. The IFN- release 

effect on the BM microenvironment was investigated in mesenchymal stromal cell (MSC)/AML 

cell co-cultures. In mice, AML cells silenced for IFN-γ expression were injected intrabone. 

Results: IFNG
high 

AML
 
samples showed an upregulation of inflammatory genes, usually correlated 

with a good prognosis in cancer. By contrast, in AML patients, high IFNG expression associated 
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with poor overall survival. Notably, IFN- release by AML cells positively correlated with a higher 

BM suppressive Tregs’ frequency. In co-culture experiments, IFNG
high

 AML cells modified MSC 

transcriptome by up-regulating IFN-γ-dependent genes related to Treg induction, including 

indoleamine 2,3-dioxygenase 1 (IDO1). IDO1 inhibitor abrogated the effect of IFN-γ release by 

AML cells on MSC-derived Treg induction. In vivo, the genetic ablation of IFN-γ production by 

AML cells reduced MSC IDO1 expression and Treg infiltration, hindering AML engraftment.  

Conclusions: IFN- release by AML cells induces an immune-regulatory program in MSCs and 

remodels BM immunological landscape toward Treg induction, contributing to an immunotolerant 

microenvironment. 
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Introduction 

Acute myeloid leukemia (AML) is a heterogeneous clonal disease that develops from a rare 

population of bone marrow leukemic stem cells (1). For many years, cytogenetic and molecular 

aberrations in hematopoietic stem cells were considered the only causative factors in AML onset 

and development. Recently, this notion has been challenged, and it is now established that AML 

pathophysiology also depends on the bone marrow (BM) microenvironment (2,3). 

A component of the BM microenvironment that is crucial to AML pathophysiology is the 

immunological landscape (4,5). Aberrant cytokine production and a profound dysregulation of the 

frequency and function of immune cell subsets induce an immunosuppressive milieu, which favors 

the escape of AML cells from immune control (5,6). In particular, the BM microenvironment in 

AML is enriched in regulatory T cells (Tregs) (7,8), which contribute to the immunosuppressive 

phenotype (9), chemoresistance, and disease relapse (7,10). The induction and the suppressive 

functions of Tregs are regulated, among others, by mesenchymal stromal cells (MSCs) (11), 

recognized as pivotal contributors to the hematopoietic stem cell niche (12). A crucial mediator of 

MSC-driven Treg induction is indoleamine 2,3-dioxygenase 1 (IDO1) (13,14), a well-known 

tryptophan metabolizing enzyme contributing to the immunosuppressive tumor microenvironment 

(15,16). Notably, MSCs are not constitutively immunosuppressive but rather acquire this capacity, 

including the ability to induce Tregs, in response to pro-inflammatory stimuli (13,14).
 

Inflammation has recently emerged as a hallmark of cancer (17). Along with its pro-tumorigenic 

effects, inflammatory signals also influence the host immune response inhibiting tumor 

development (18). One such signal is interferon (IFN)-γ, a cytokine produced predominantly by T 

cells and natural killer (NK) cells that suppresses hematopoiesis and is a master regulator of innate 

and adaptive immunity (19,20). In the tumor microenvironment, IFN-γ orchestrates an array of anti-

proliferative, pro-apoptotic, anti-tumor, immune-activating responses (21). IFN-related gene 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tryptophan
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signature is a favorable predictive marker for chemotherapy and radiotherapy efficiency as well as 

immunotherapy in various types of malignancies (22). However, emerging and seemingly 

paradoxical findings indicate that IFN-γ can also be involved in pathways supporting tumorigenesis 

and immune evasion (23).   

This study aimed to address whether IFN- regulates immunological changes of the BM 

microenvironment in AML. For this purpose, we used BM aspirates from AML patients, cell-

culture systems, and a murine AML model to investigate the ability of AML cells to favor the 

establishment of a Treg-centered immunosuppressive microenvironment through the release of IFN-

γ. 
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Materials and Methods 

Ethics statement 

This study is part of ongoing research approved by the Independent Ethics Committee of the Area 

Vasta Emilia Centro (94/2016/O/Tess). AML patients and healthy BM donors were recruited at 

Seràgnoli Hematology Institute in Bologna. Clinical samples and data were collected with written 

informed consent. The investigations were conducted in accordance with the Declaration of 

Helsinki. 

Biological samples and cell cultures 

BM aspirate samples were collected from 49 AML patients at diagnosis (blasts ≥80%) and 8 

healthy donors (Supplementary Table S1) and used to isolate mononuclear cells (MNCs). BM 

aspirates were centrifuged over a Ficoll-Paque gradient (Lympholyte CL5020, Cedarlane). MNCs 

were collected, resuspended in RPMI 1640 medium (Lonza) with 10% fetal bovine serum (FBS) 

(Thermo Fisher Scientific), 2 mM L-glutamine (Gibco), 500 IU/ml penicillin, and 0.5 mg/ml 

streptomycin (Pen-strep, MP Biomedicals) (called RPMI complete culture medium), and frozen for 

further experiments.  

Throughout the text, we referred to IFN-γ
high

 or IFN-γ
low

 AML cells as BM cells in the large 

majority (≥80%) expressing blast cell-associated markers and co-expressing IFN-, respectively 

above or below the median within our AML patients’ cohort.  

BM samples were also used to isolate mesenchymal stromal cells (MSCs) as previously described 

(24). Briefly, MNCs were plated at 1.6x10
5
 cells/cm

2
 in DMEM (Lonza), 10% FBS, 2 mM L-

glutamine, 500 IU/ml penicillin and 0.5 mg/ml streptomycin (called DMEM complete culture 

medium). After 2-3 days, the non-adherent fraction was removed by rinsing with phosphate-

buffered saline (PBS) and adherent cells were cultured until 70–80% confluence. Then, cells were 
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detached with 0.05% trypsin-EDTA with phenol red (Thermo Fisher Scientific), re-seeded at 

3.5x10
3
 cells/cm

2
, and used for experiments within passages 3-5.  

CD34
+ 

cells were purified from BM-derived MNCs from healthy donors by immunomagnetic 

separation (Miltenyi Biotec). 

Healthy donor blood (buffy coats) was used for isolating peripheral blood mononuclear cells 

(PBMCs). 

GeneChip gene expression profiling 

The first part of the study used gene expression data generated for our previous studies, specifically 

from BM mononuclear cells of 61 AML patients (blasts ≥80%) (GSE161532) (25,26) 

(Supplementary Table S2) and 7 healthy BM donors (not previously reported). The patients include 

29 men and 32 women of mean age 60.1 (SD = 11.9) years. In all cases, mononuclear cells had 

been isolated from BM aspirates by density gradient centrifugation and lysed in RLT buffer 

(Qiagen). RNA was extracted and reverse-transcribed into cDNA as previously reported (26). 

cDNA was hybridized to GeneChip Human Transcriptome Assay 2.0 microarrays (Thermo Fisher 

Scientific). Data were analyzed using Transcriptome Analysis Console 4.0 software (Thermo Fisher 

Scientific) and the SST-RMA (signal space transformation – robust multiple-array average) 

algorithm. 

GeneChip data for IFNG mRNA were used to dichotomize the AML cell preparations into an 

IFNG
low

 group (below the median) and IFNG
high

 group (above the median). Then, for all genes, fold 

change (FC) in expression was calculated as IFNG
high

/IFNG
low

. Genes with |FC| ≥2.0 and P≤0.05 

(according to Transcriptome Analysis Console software) were considered differentially expressed. A 

heatmap of differentially expressed genes (DEGs) was generated using ClustVis 

(SCR_017133)(27). DEGs were attributed to macro-pathways according to pathway analysis and 
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functional annotation (GeneCards, SCR_002773) and analyzed using Enrichr 

(https://amp.pharm.mssm.edu/Enrichr/; SCR_001575)(28). 

Amplification-free gene expression profiling 

Messenger RNA was extracted from BM mononuclear cells of 24 AML patients (18 men and 6 

women; mean age, 53.4 years; SD=17.6 years) (Supplementary Table S1) using Maxwell RSC 

simplyRNA Blood Kit (Promega). Samples (100-150 ng) were analyzed on the nCounter FLEX 

system using the PanCancer IO 360 Panel (NanoString Technologies). Reporter probe counts were 

analyzed using nSolver software (v4.0.62) and nSolver Advanced Analysis module (v2.0.115). 

Captured transcript counts were normalized to the geometric mean of the included reference genes 

and internal positive controls. DEGs between IFNG
high

 and IFNG
low

 groups (based on qRT-PCR) 

were identified using |log2 FC|>2.0 and P<0.05 (Benjamini–Yekutieli false discovery rate, 

Student’s t test). The nSolver software package was used to calculate, for each sample, biological 

activity, and pathway scores, as linear combinations of pre-defined gene sets. STRING 

(https://string-db.org/; SCR_005223) was used to analyze functional interaction networks. 

Co-culture experiments 

To study the effects of AML cells on BM-derived MSCs, we used two-chamber co-cultures with 

MSCs in the lower and AML cells in the upper chamber. MSCs were seeded at 2x10
4
 cells/cm

2
 in 

6- or 24-well dishes in DMEM complete culture medium. After 24 h, hanging cell culture inserts 

(Millicell MCHT06H48, MCHT24H48, Millipore) were positioned for the seeding of IFN-γ
high 

or 

IFN-γ
low

 AML cells at 1x10
6
 cells/ml (ratio, 1:10 with MSCs), and cells were co-cultured for up to 

4 days and recovered for analyses described below. MSCs cultured alone served as control. Co-

cultures did not use matched pairs of MNCs and MSCs from the same BM aspirate. 

Gene expression profiling. After 24 h of co-culture, MSCs (5 cultured with IFN-γ
high

 AML cells, 4 

with IFN-γ
low

 AML cells, and 5 monocultures) were lysed in Trizol (Thermo Fisher Scientific). 

RNA was extracted in phenol-chloroform and converted into cDNA, which was profiled with 

https://amp.pharm.mssm.edu/Enrichr/
https://string-db.org/
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Clariom S Array gene expression assays (Thermo Fisher Scientific) and analyzed as described 

above. Differentially expressed genes (DEGs) between the two co-cultures and the MSC 

monoculture were identified using a |FC|≥2.0 and P≤0.05 (according to Transcriptome Analysis 

Console software). DEGs with known roles in the immune response were plotted in a heatmap 

reporting the ratio in expression level between MSCs+AML cells and MSCs alone for each sample. 

Genes were sorted by average linkage hierarchical clustering using ClustVis (27). Pathway 

enrichment analysis was performed using Enrichr (https://amp.pharm.mssm.edu/Enrichr/; 

SCR_001575)(28) and Reactome, KEGG (SCR_012773), and Gene Ontology-Biological Processes 

(GO-BP) annotations. Gene set enrichment analysis (GSEA; SCR_003199) was performed with 

GSEA software (Broad Institute)(29), using  q(FDR)≤0.05 as cut-off for significance. 

Interferon-γ and IDO1 analyses. After 24 h of co-culture, the conditioned medium was collected, 

centrifuged to remove debris, and stored at -20 °C until analysis of IFN-γ using the IFN gamma 

Human ProQuantum Immunoassay Kit (Thermo Fisher Scientific). After 4 days of co-culture, 

MSCs were recovered and processed for qRT-PCR of IFNG and IDO1 mRNA, flow cytometry of 

IFN-γ
+
 and IDO1

+
 cells, and western blotting of IDO1. Where indicated, IFN-γ

high
 and IFN-γ

low
 

AML cells were recovered after co-cultures and processed for qRT-PCR and flow cytometry. 

In vitro Treg assays. For this set of experiments, PBMCs were obtained from buffy coats after 

centrifugation over a Ficoll-Paque gradient. IFN-γ
high

 AML cells were co-cultured with MSCs. 

After 4 days of co-culture, IFN-γ
high

 AML cells were removed and replaced with PBMCs seeded at 

1x10
6
 cells/ml (ratio, 1:10 with MSCs). After 7 days, PBMCs were recovered and stained with 

monoclonal antibodies (mAbs) (Supplementary Table S7) using the FoxP3/Transcription Factor 

Staining Buffer Set (Thermo Fisher Scientific). At least 10,000 events were analyzed by flow 

cytometry. CD3
+
CD4

+
CD25

+
FOXP3

+
cells were gated on CD4

+
 cells.  

https://amp.pharm.mssm.edu/Enrichr/
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For a Treg suppression assay, after 7 days of co-colture with IFN-γ
high 

AML cell-primed MSCs, 

PBMCs were recovered. CD4
+
CD25

+
 cells were magnetically purified from PBMCs and co-

cultured with autologous CD3
+ 

cells (ratio, 1:10), labeled with 1 µM carboxyfluorescein 

succinimidyl ester (CFSE, Abcam). Briefly, CD3
+
 were washed twice in PBS, incubated with CFSE 

in the dark at 37° C for 10 minutes, and washed twice in RPMI complete culture medium. The 

proliferation of CD3
+ 

was
 
stimulated by anti-CD3 and anti-CD28 beads (ExpAct™ Treg Kit, 

Miltenyi Biotec), and was considered as a positive control. CD4
+
CD25

-
 T cells were used as 

negative effector cells. Cell proliferation was monitored after 4 days of culture, analyzing CFSE dye 

dilution by flow cytometry. The proliferation index was calculated using FCS Express 4 software 

(De Novo Software, Milan, Italy).  

For suppression assay with Treg from IFN-γ
high 

AML patients, CD3
+
 cells, CD4

+
CD25

+
 and 

CD4
+
CD25

-
 were magnetically purified from BM-derived MNCs isolated from IFN-γ

high 
AML 

patients. The experiments were performed as described above. 

For a Treg conversion assay, CD4
+
CD25

−
 cells were isolated from PBMCs by immunomagnetic 

separation (CD4
+
CD25

+
 Regulatory T Cell Isolation kit, Miltenyi Biotec). IFN-γ

high
 AML cells 

were co-cultured with MSCs. After 4 days, IFN-γ
high

 AML cells were removed and replaced with 

CD4
+
CD25

−
 cells seeded at 1x10

6
 cells/ml (ratio, 1:10 with MSCs) and cultured in the absence or 

presence of the IDO1 inhibitor 1-methyl-DL-tryptophan (1 mM final concentration, Sigma 

Aldrich). In parallel, CD4
+
CD25

−
 cells were seeded with IFN-γ

high
 AML cells without MSCs. After 

7 days, non-adherent cells were recovered, and stained with mAbs (Supplementary Table S7); the 

percentage of CD4
+
CD25

+
FOXP3

+ 
cells was analyzed by flow cytometry.  

For a Treg proliferation assay, IFN-γ
high

 AML cells and MSCs were co-cultured for 4 days. On the 

fourth day, PBMCs were labeled with 1 µM CFSE (Abcam) as described above. The IFN-γ
high

 

AML cells of the co-cultures were replaced with labeled PBMCs. After 7 days, PBMCs were 

recovered and stained as described above, and the CD4
+
CD25

+
 cell proliferation was determined by 
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flow cytometry. The proliferation index was calculated using FCS Express 4 software (De Novo 

Software, Milan, Italy). 

IFN--inactivation. MSCs were cultured for 6 h, alone or with IFN-γ
high

/ IFN-γ
low

 AML cells in the 

absence or presence of  µgml anti-human IFN-γ (NIB42, BD Pharmingen; AB_395471) or  

µgml anti-human IFN-γR (GIR-208, BD Pharmingen; AB_396745). MSCs were recovered and 

processed for qRT-PCR of IDO1 mRNA. 

Induction of IDO1 expression  

MSCs from healthy BM donors or AML patients were seeded at 3.5x10
3
 cells/cm

2
 and, after 24 h, 

IFN-γ (50 ng/ml; Thermo Fisher Scientific), tumor necrosis factor α (10 ng/ml; Endogen), 

interleukin 6 (10 ng/ml; Endogen) or prostaglandin E2 (1 µg/ml; Endogen) was added to the 

medium. After 24 h, cells were harvested and analyzed for IDO1 mRNA expression by qRT-PCR. 

Quantitative real-time PCR 

For the analysis of human samples, cells were lysed in RLT Plus buffer (Qiagen); mRNA was 

isolated using RNeasy Micro kits (Qiagen), quantified by spectrophotometry (ND-1000, NanoDrop 

Technologies), and reverse-transcribed into cDNA using the ImProm-II kit (Promega). For the 

analysis of murine samples, cells were lysed in RNA lysis buffer (Zymo Research); mRNA was 

isolated using Quick RNA micro prep kit (Zymo Research), quantified by spectrophotometry, and 

reverse-transcribed using the MultiScribe reverse transcriptase (Thermo Fisher Scientific). 

qRT-PCR reactions were performed using a 96-well Optical Reaction Plate. Amplification reactions 

using human cDNA were done using Platinum Super mix (Thermo Fisher Scientific), and those 

using murine cDNA with TaqMan Fast Universal PCR Master Mix (Thermo Fisher Scientific). 

Primer probes used for target genes are listed in Supplementary Table S8. Threshold cycle (Ct) 

values were determined automatically using the 7900HT Fast Real-Time PCR system (Applied 

Biosystems). Relative quantification was performed using the ΔCt comparative method (30). Where 
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indicated, cDNA reverse-transcribed from Universal Human Reference RNA (Agilent) was used as 

the control.  

Western blotting 

Cells were lysed in Cell Lysis Buffer (Cell Signaling Technology) with 1 mM 

phenylmethanesulfonyl fluoride (Sigma Aldrich) according to the manufacturer’s protocol. Protein 

(40 µg per sample) was separated on 12% polyacrylamide gels (Mini-PROTEAN TGX Stain-Free 

Precast Gels, Bio-Rad), transferred to nitrocellulose membranes, and incubated overnight at 4 °C 

with primary and secondary antibodies (Supplementary Table S7). Bound antibodies were revealed 

by chemiluminescence (Amersham ECL Select, GE Healthcare). 

Murine model of AML  

Animal studies were approved by the Committee for Animal Welfare of Fondazione IRCCS Istituto 

Nazionale dei Tumori and Italian Ministry of Health (authorization 781/2018-PR) and performed 

following Italian law D.lgs 26/2014.  

C57BL/6 male and female mice (age, 8-12-weeks) were obtained from Charles River Italia (Calco, 

Italy). The C1498 (TIB-49) murine acute leukemia cell line was obtained from ATCC 

(CVCL_3494) and the WEHI 3B murine myelomonocyte cell line was from Sigma Aldrich 

(CVCL_2239). Cell lines were cultured at 37°C in fully humidified atmosphere with 5% CO2 and 

were monthly checked for Mycoplasma using MycoAlert Mycoplasma detection Kitt (Lonza). 

To create a murine model of AML, the murine acute leukemia cell line C1498 was infected with 

lentiviral particles containing the vector pGFP-C-sh expressing either Ifng-specific interfering 

shRNA (shIFN-) or non-specific shRNA (control cells) (TL501051V, OriGene Technologies). 

Infected cells were cultured for 2 weeks before injection into the tibias of C57BL/6 mice. Two 

weeks after infection, the percentages of GFP
+
 cells were measured using a LSRFortessa flow 

cytometer (BD), and GFP
+
 cells were selected by fluorescence-activated cell sorting on a FACSAria 
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flow cytometer (BD). The proliferation of control-C1498-GFP
+
 (control) and shIFN-C1498-GFP

+
 

cell (called shIFN-cells) was evaluated using the Cell Proliferation Kit (XTT) (Sigma Aldrich), 

and formazan products were detected by absorbance at 450 nm (Tecan's Spark Microplate reader, 

reference wavelength, 670 nm). Control and shIFN- cell apoptosis was evaluated by flow 

cytometry using the 7-AAD/Annexin V staining after 24h, 48h, and 72h of culture.  

For in vivo experiments, 2x10
5 
shIFN- cells or control cells were injected intra-bone in the tibia of 

age and sex-matched C57BL/6. After 31 days, mice were sacrificed, tibia were retrieved and the 

BM was flushed with 2% FBS, 2 mM EDTA in PBS. Engraftment was estimated as the percentage 

of GFP
+
 cells in the tibial wash, determined by flow cytometry. This experiment was performed 

twice, and data are reported as the mean and SEM. 

In IDO1-inhibition experiments, control-C1498-GFP
+
 were injected and, after 15 days, twice-

weekly treatment was started with NLG919 (50 mg/kg i.p., Abcam). Mice were killed at day 31 for 

flow cytometry of BM. 

Flow cytometry 

Antibodies used for flow cytometry are indicated in Supplementary Table S7. For surface staining, 

0.5x10
6
 MNCs were washed in 0.5% FBS in PBS, and labeled with a dye-conjugated antibody by 

incubation at room temperature in the dark for 15 min. For intracellular staining, at least 1x10
5
 

MNCs or MSCs were fixed and permeabilized using the Cytofix/Cytoperm Kit (BD Biosciences), 

and labeled with a dye-conjugated antibody at 4 °C in the dark for 30 min. Intracellular staining of 

Tregs was done using the Foxp3/Transcription Factor Staining Buffer Kit (Thermo Fisher Scientific 

and Tonbo Biosciences). In murine experiments, total BM-derived cells were analyzed.  

Human cells were analyzed on a FACScanto II flow cytometer (BD) using FACSDiva 

(BD)(SCR_001456) and FCS Express 4 software. Cell autofluorescence was used as the negative 

control. Murine cells were analyzed on a FACSCelesta flow cytometer with FACSDiva and FlowJo 
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(v10. 2) software (SCR_008520). The IFN-γ
high

 samples were identified as having a percentage of 

IFN-γ
+
 cells above the median value of all AML samples analyzed by flow cytometry. AML cells 

were identified as being CD34
+
, CD33

+
, or CD117

+
 according to the phenotype established at 

diagnosis. NK cells were identified as CD3
-
CD45

+
CD56

+
 cells. Fluorescence minus one (FMO) 

control was preliminarily performed (not shown). Human BM-derived total Tregs were identified as 

CD3
+
CD4

+
CD25

+
CD127

low/-
cells, and the activated subset of Tregs was identified as 

CD25
high

CD45RA
-
FOXP3

+ 
within the total Treg population, and gated on CD4

+
 cells (see the 

gating strategy in Supplementary Figure S2E). 

Immunohistochemistry and immunofluorescence  

Mouse tibia were decalcified using an EDTA-based decalcifying solution (MicroDec, Diapath) and 

embedded in paraffin. Sections (4 m) were deparaffinized, rehydrated and unmasked using the 

Epitope Retrieval Solution pH 9 (Novocastra) at 98 °C for 30 min. After neutralization of 

endogenous peroxidase and Fc blocking (Novocastra), samples were incubated with antibodies 

listed in Supplementary Table S7.  

For immunohistochemistry, bound HRP-conjugated antibodies were revealed by staining with 3-

amino-9-ethylcarbazole substrate-chromogen (Dako Agilent), and slides were counterstained with 

Harris hematoxylin (Novocastra). For immunofluorescence, fluorescent secondary antibodies were 

used (Supplementary Table S7) and nuclei were counterstained with 4′,6-diamidino-2-phenylindole, 

dihydrochloride (DAPI). Slides were analyzed under an Axioscope A1 microscope equipped with 

an Axiocam 503 Color digital camera and Zen 2.0 software (Zeiss).  

Quantification of IDO1 immunohistochemical staining was performed by calculating the average 

percentage of positive signals (3+ and 2+) in five non-overlapping fields at high-power 

magnification (×400) using the Positive Pixel Count algorithm (Image Analysis Software v9, 

Leica). Quantification of IDO1 signal in immunofluorescence in αSMA-nestin
+
 cells, was 
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performed by calculating the average percentage of IDO1 intensity in double positive cells in five 

non-overlapping fields with high power magnification (x400) using HALO (version v3.2.1851 

.229) Image analysis software. 

Prognostic index  

A prognostic index (PI) was generated using the method of Wagner et al.(31) using β values from 

Cox regression analyses of the 30 DEGs between IFNG
high

 and IFNG
low 

samples. The index was 

calculated for 149 adults with non-promyelocytic AML (enrolled in Cancer and Leukemia Group B 

treatment protocols 8525, 8923, 9621, 9720, 10201, and 19808) for whom data on survival and 

gene expression were generated by The Cancer Genome Atlas (TCGA) Research 

Network: https://www.cancer.gov/tcga. Overall survival was computed from the date of diagnosis 

to the date of death. Patients were dichotomized at the median PI value, and the log-rank (Mantel-

Cox) test was used to compare survival curves. 

Data availability   

For the original gene expression data, please contact: giorgia.simonetti@irst.emr.it. For the original 

NanoString nCounter FLEX data, please contact: sergio.rutella@ntu.ac.uk. Gene expression and 

NanoString data have been deposited in NCBI’s Gene Expression Omnibus and are accessible 

through GEO Series accession numbers GSE161532 (AML)(25), GSE155441 (MSCs vs. 

AML/MSCs), and GSE146204 (NanoString). 

Statistical analysis 

Tests used in statistical analyses are indicated in the figure legends. P<0.05 was considered 

significant. Analyses were done using GraphPad Prism software (v6.0; SCR_002798). 

 

 

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
mailto:giorgia.simonetti@irst.emr.it
mailto:sergio.rutella@ntu.ac.uk
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Results  

IFNG
high

 AML samples have a gene signature enriched in IFN-signaling, inflammatory, and 

immune-response pathways, which correlates with poor clinical outcome 

To clarify the role of IFN-γ signaling in AML, we first compared IFNG mRNA levels in BM 

aspirates of AML patients and healthy donors (Fig. 1A). From existing GeneChip microarray data, 

it emerged that IFNG mRNA levels in AML samples had a broad distribution skewed to higher 

values. The median was used to dichotomize AML samples into IFNG
low

 and IFNG
high

 groups (Fig. 

1B). Expression levels in IFNG
low

 and IFNG
high

 groups were lower and higher, respectively, than in 

samples from healthy BM donors. Clinical characteristics of AML patients were similar in the 

IFNG
high

 and IFNG
low

 groups (Supplementary Table S2)(25,26), and no significant correlations with 

sex, age, WBC, karyotype, FLT3-ITD mutation, NPM1 mutation, FLT3-internal tandem duplication 

(ITD) and NPM1 mutation combination, and global risk (32) were found within the two groups. 

To determine whether the groups of AML cells differed in overall gene expression, we used the 

same data to identify differentially expressed genes (DEGs) and found 47 up-regulated and 19 

down-regulated genes in the IFNG
high

 group compared to the IFNG
low

 group (Fig. 1C, 

DataSheet_page1). Ranking DEGs in macro-pathways revealed that 19 genes belonged to 

inflammation and immune response pathways. Notably, the IFNG
high

 group had lower expression 

levels of genes involved in immune responses (e.g., CIITA, CD180, CD1C) and higher expression 

levels of genes involved in inflammation (e.g., CXCL8, CCL4, CXCL2). Enrichment analysis 

revealed that the DEGs were involved in IFN- response pathways, including cytokine-mediated 

signaling, among other pathways (Supplementary Table S3). Since AML samples at median cut-off 

range in IFNG
high

 and IFNG
low

 groups have similar level of IFNG expressionwe re-analyzed GEP, 

comparing samples in the top 3
rd 

and the bottom 3
rd 

percentile (Supplementary Fig. S1). We selected 
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21 patients, excluding 19 at the median cut-off. We found 141 DEG particularly enriched in genes 

belonging to immune response macro-pathway (123 up-regulated, 18 down-regulated, 

DataSheet_page2). Enrichment analysis confirmed the modulation of immune/inflammation-related 

pathways (Supplementary Table S4).   

To further investigate this phenomenon, we analyzed 24 BM samples of AML patients, from a 

cohort not overlapping with that of GeneChip microarray. qRT-PCR on IFNG mRNA was used to 

dichotomize samples into IFNG
high

 and IFNG
low

 groups. Samples classified as IFNG
high

 expressed 

significantly higher levels of IFNG
 
mRNA than IFNG

low
 AML samples (Supplementary Fig. S2A). 

The expression of 750 cancer-related genes was profiled in an amplification-free manner on the 

nCounter platform using the PanCancer IO 360 Panel (NanoString). 

These data were then used to detect DEGs between IFNG
high

 and IFNG
low

 groups. 30 DEGs were 

identified, 27 upregulated and 3 down-regulated genes in the IFNG
high

 group compared to the 

IFNG
low

 group (Fig. 2A, DataSheet_page3). CD28, CXCL8 GZMH, GZMA, IFIT1, CD8A, and 

CD3G were among the most significantly up-regulated genes in IFNG
high

 samples, corroborating 

the relationship between high IFNG expression and modulated IFN-signaling observed above 

(Fig. 1C; Supplementary Table S3). Two genes (i.e., CXCL8, CD69) out of 30 DEG in NanoString 

analysis resulted up-regulated in GeneChip analysis also. Both genes were upregulated in the 

IFNG
high 

cohort. 

Pathway analysis revealed an enrichment of DEGs in KEGG pathways related to T cell receptor 

signaling, Th1 and Th2 cell differentiation, Wnt, and NF-B signaling (Supplementary Table S5). 

Network interaction analysis showed the DEGs involved in molecular pathways known to be 

enriched in solid cancers (Supplementary Fig. S2B). 

We then used the DEGs to compute 25 biological activity and pathway scores (Supplementary Fig. 

S2C). IFNG
high

 samples expressed higher levels of genes belonging to PI3K-Akt, MAPK, 
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JAK/STAT, and NF-B signaling pathways. In contrast, IFNG
low

 samples had increased expression 

of gene sets reflecting epigenetic regulation, DNA damage repair, cellular proliferation, and 

autophagy.  

Using NanoString data for all 24 samples, we examined correlations in expression between IFNG 

and genes activated by IFN-γ signaling (Fig. 2B). IFNG expression correlated positively with that 

of IDO1, nitric oxide synthase 2 (NOS2), interferon regulatory factor 1 (IRF1), and granzymes 

GZMB and GZMM, but not programmed death-ligand 1 (PD-L1). 

These results prompted us to evaluate the impact of IFNG expression on the clinical outcomes of 

AML patients. We computed a prognostic index (PI), as previously published (31), based on 

expression levels of the 30 DEGs from our NanoString analysis (DataSheet_page2), which was 

applied to 149 cases of non-promyelocytic AML from the TGCA project (33). Correlation analyses 

identified metagenes with co-ordinated regulation (black boxes in Fig. 2C), showing that the PI 

genes clustered with previously published IFN- signature with prognostic and predictive potential 

in AML (STM 2020) (34).  

Survival analysis revealed that patients whose PI was above the median had significantly shorter 

overall survival than those with a PI below the median (Fig. 2D). Remarkably, only the up-

regulated genes contributed to poor survival (Supplementary Fig. S2D, left panel); the down-

regulated genes were not prognostic (Supplementary Fig. S2D, right panel).  

We assessed whether abnormalities in the expression of the 30 DEGs between IFNG
high

 and 

IFNG
low

 groups, as identified by NanoString analysis, might correlate with the mutational status of 

established prognosticators (TP53, NPM1, DNMT3A, ASXL1, CEBPA, RUNX1, IDH1/2, FLT3-ITD 

in TCGA-AML cases. By default, gene abnormalities are defined as either RNA upregulation or 

gene deletion/gene amplification. We found a positive correlation between abnormalities in the 

DEGs and TP53 mutational status (Supplementary Figure S3). 
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Overall, these data suggest that IFNG
high

 and IFNG
low

 AML samples express distinct gene 

signatures. Intriguingly, along with genes belonging to inflammatory pathways, high IFNG 

expression also correlated with high expression of immunosuppressive genes induced by IFN-γ 

signaling and associated with a poor clinical outcome. 

High IFN-γ production by AML cells results in increased Tregs in the BM  

We next investigated whether all BM cells synthesize IFN-γ or if specific cell populations were 

responsible. BM mononuclear cells of AML patients (Supplementary Table S1) were stained for 

CD3, blast cell-associated markers (i.e., CD34, CD33, or CD117), and intracellular IFN-γ. Flow 

cytometry showed that a substantial fraction of CD3
-
 cells expressing a blast-surface marker 

contained IFN-γ (Fig. 3A). Similar to IFNG mRNA data (Fig. 1A), there was high inter-patient 

variability in the fraction of IFN-γ
+
 AML cells (median, 21.1%; range, 2.1%-67.0%), allowing us to 

dichotomize at the median into IFN-γ
high

 and IFN-γ
low

 groups (Fig. 3B, Supplementary S4A, S4B, 

and S4C). The mean percentages of IFN-γ
+
 cells in the IFN-γ

high 
and IFN-γ

low
 groups were 35.9% 

and 6.4%, respectively (Fig. 3B). This percentage in the IFN-γ
high 

group was significantly different 

from that in CD34
+
 cells from healthy BM donors. Similar results were obtained by analyzing the 

IFN- mean fluorescence intensity (Supplementary Fig. S4B). AML samples classified as IFN-γ
high

 

and IFN-γ
low

 had similar, low percentages of CD3
+
, CD8

+
, NK cells, and other cell types (Fig. 3C). 

The mean fluorescence intensity (MFI) of the IFN- signal was not significantly different between 

the analyzed cell populations (Supplementary Fig. S4D), indicating that AML cells expressed IFN- 

at a level comparable to immune cells. Moreover, within each cell population, the fraction of IFN-γ
+
 

cells was associated significantly with group assignment (IFN-γ
high

 vs. IFN-γ
low

) only for AML cells 

(Fig. 3D). 

We further investigated the immune cell composition of AML samples according to IFN-γ 

production by AML cells, and we found that the percentage of CD3
+
CD4

+
CD25

+
CD127

low/- 
cells 

(namely Tregs) (35) (Supplementary Fig. S4E) was significantly higher in IFN-γ
high

 than in IFN-γ
low
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and healthy donor samples (Fig. 3E). Furthermore, there was a positive correlation between the 

percentages of Tregs and IFN-γ
+
 AML cells (Fig. 3F). Notably, the percentage of 

CD25
high

CD45RA
-
FOXP3

+ 
Tregs (Supplementary Fig. S4E), indicated, among Treg subsets, as 

‘activated Tregs’ retaining suppressive activity in vitro (36) was higher in IFN-γ
high

 than IFN-γ
low 

samples (Fig. 3G). Accordingly, a higher percentage of activated Tregs expressing cytotoxic T-

lymphocyte antigen (CTLA)-4
+
PD-1

+ 
(Supplementary Fig. S2E), known to support Treg 

suppressive functions (37), was observed in IFN-γ
high

 than IFN-γ
low 

samples (Supplementary Fig. 

S4F). Consequently, the ratios between Tregs and both CD4
+
 and CD8

+
 T effector cells were higher 

in IFN-γ
high

 than IFN-γ
low 

samples (Supplementary Fig. S4G). BM-derived Tregs from IFN-γ
high

 

AML
 
patients were able to inhibit the proliferation of autologous CD3

+
 cells (Supplementary Fig. 

S4H) and expressed interleukin (IL)-10 (Supplementary Fig. S4I), a fundamental mediator of Treg-

mediated suppression(8), implying their functionality. 

These data indicate that, among cells from patients’ BM aspirates, AML  cells are the main source 

of IFN-γ. IFN-γ
high

 BM samples do not differ in the percentage of the central immune cells (i.e., 

CD3
+
, CD8

+
, NK  cells) compared with IFN-γ

low
 BM samples but are enriched in suppressive 

Tregs. 

IFN-γ
high

 AML cells up-regulate IFN-γ-related immunosuppressive genes in MSCs  

MSCs are crucial components of the normal and leukemic BM microenvironment and respond to 

pro-inflammatory stimuli, especially IFN-by modifying the immunological landscape (13,14). 

With that in mind, we set up an in vitro model to investigate interactions between AML cells (IFN-

γ
high 

and IFN-γ
low

) and AML patient-derived MSCs. For this purpose, two-chamber co-cultures were 

used. After 4 days of co-culture, IFN-γ
high

 cells maintained significantly higher levels of IFNG 

expression and IFN-γ production than IFN-γ
low

 cells (Supplementary Fig. S5A and S5B), while 

MSCs did not produce IFN-γ (Supplementary Fig. S5C and S5D). Moreover, there was a 
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significantly higher concentration of IFN-γ in the conditioned medium from co-cultures with IFN-

γ
high

 than IFN-γ
low

 cells (Fig. 4A).  

We used a similar model to determine if IFN-γ
high 

and IFN-γ
low

 cells have different effects on MSC 

gene expression. After 24 h of co-culture, compared to MSC monocultures, we detected 82 up-

regulated and 12 down-regulated genes in co-cultures involving IFN-γ
high 

cells, and 17 and 10 

genes, respectively, in co-cultures with IFN-γ
low

 cells; 14 genes were up-regulated by both 

conditions (Fig. 4B, DataSheet_page4). Interactions with IFN-
high

 cells resulted not only in a 

greater number of altered genes than with IFN-
low

 cells but also a different pattern of gene 

induction or down-regulation (Fig. 4C). Interestingly, MSCs co-cultured with IFN-γ
high

 cells had 

increased expression of genes encoding chemokines (e.g., CXCL1, CCL5) implicated in Treg 

recruitment in solid tumors (38,39) and of NFKB2 and RELB genes that encode key regulators of 

IDO1 (40). Importantly, IFN-γ
high

 but not IFN-γ
low

 cells induced MSCs to up-regulate gene sets 

related to Treg differentiation (Fig. 4D, left panel). Indeed, Treg differentiation signature was not 

significantly enriched in MSC co-cultured with IFN-γ
low

 cells (q=0.11) (Fig. 4D, right panel). 

Finally, a set of IFN-γ–dependent immune-modulating pathways, including NF-B, chemokine, and 

cytokine signaling, was up-regulated in MSCs co-cultured with IFN-γ
high

 cells (Supplementary 

Table S6). Taken together, these data suggest that IFN-γ synthesis and secretion by AML cells 

skews MSC phenotype towards immunosuppression. 

IFN-γ release by AML cells in vitro drives MSCs to induce Tregs via IDO1  

Tregs, the most prominent and fundamental cell population in the BM microenvironment of AML 

patients (5-8), significantly contribute to creating an immune-suppressive phenotype (9). We found 

that the percentage of Tregs was significantly higher in IFN-
high

 than IFN-γ
low 

samples (Fig.  3E). 

Based on the results on MSC transcriptome modifications after cultures with IFN-
high

 cells (Fig. 

4C and D), we asked whether the release of IFN-γ by AML cells induced MSCs to promote Tregs. 

To this end, we focused on IDO1, widely recognized as the nodal mediator of the IFN--regulated 
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MSC immunomodulatory properties (13). IDO1 and IFNG gene expression were positively 

correlated in AML samples (Fig. 2B), and, among different cytokines, IFN-γ was one of the most 

potent stimuli for IDO1 induction in MSCs (Supplementary Fig. S6A and S6B).  

Thus, we evaluated IDO1 expression in MSCs co-cultured for 4 days with IFN-
high

 or IFN-
low

 

AML cells, distinguished as described above (Fig. 3A). We found IDO1 higher expression with 

IFN-γ
high

 cells, in comparison with IFN-
low

 AML cells, at both mRNA (Fig. 5A) and protein levels 

(Fig. 5B, Supplementary Fig. S6C, S6D and S6E). An IFN-γ–neutralizing antibody in co-cultures 

with IFN-γ
high

 cells significantly reduced IDO1 induction in MSCs co-cultured with IFN-
high

 AML 

cells. Similar results were obtained with an anti-IFN-γ receptor antibody (Supplementary Fig. S6F). 

IDO1 expression was not upregulated in MSCs co-cultured with IFN-
low

 AML cells w/wo anti-

IFN- antibody (Fig. 5C).  

Next, we asked if IDO1 up-regulation by IFN-γ
high

 cells may drive MSCs to induce Tregs. First, we 

co-cultured IFN-γ
high

 cells and MSCs and then replaced the IFN-γ
high

 cells with PBMCs: flow 

cytometry after 7 days showed a significantly higher fraction of CD3
+
CD4

+
CD25

+
FOXP3

+ 
cells 

(bona fide Tregs) in the PBMCs cultured with IFN-γ
high

 cell-conditioned MSCs than in PBMCs 

cultured alone (Fig. 5D). The addition of an IDO1 inhibitor virtually abrogated Treg induction (Fig. 

5D). We used a Treg conversion assay to measure the induction of Tregs from CD4
+
CD25

- 
cells 

cultured with IFN-γ
high

 cell-conditioned MSCs. The fraction of Tregs was low in 

immunomagnetically purified CD4
+
CD25

-
 cells cultured alone but increased significantly when 

these cells were co-cultured with MSCs previously co-cultured with IFN-γ
high

 cells (Fig. 5E, 

Supplementary Fig. S7A). MSCs never conditioned by AML cells or pre-conditioned with IFN-
low 

AML cells induced Treg conversion with an efficiency significantly reduced compared with MSCs 

co-cultured with IFN-
high 

AML cells (Fig. 5E). The inclusion of an IDO1 inhibitor substantially 

reduced the Treg conversion stimulated by MSCs co-cultured with IFN-
high 

AML cells (Fig. 5E, 
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Supplementary Fig. S7A). Interestingly, IFN-γ
high

 AML cells alone were unable to induce Tregs 

(Fig. 5E). Tregs generated by MSCs pre-conditioned with IFN-
high 

AML cells were functional 

because they significantly inhibited the proliferation of autologous CD3
+
 cells (Supplementary 

Figure S7B and S7C). Finally, in a Treg proliferation assay, CD4
+
CD25

+
 cells, obtained after 7 

days of culture of PBMCs with MSCs pre-conditioned by IFN-γ
high

 cells, showed a similar 

proliferation index in comparison with CD4
+
CD25

+
 cells obtained when PBMCs were cultured 

alone (Supplementary Fig. S5D). These results indicate that the Treg increase induced by IFN-γ
high

 

cell-conditioned MSCs is not due to Treg proliferation. Altogether, these data suggest that IFN-γ 

secretion by AML cells drives MSCs to induce Treg conversion in an IDO1-dependent manner. 

IFN-γ secretion by AML cells in vivo remodels the BM microenvironment by inducing Tregs 

and favors leukemia cell engraftment 

To gain insight into the effects of AML cell-derived IFN-γ on the BM microenvironment, we 

established a murine model of AML. For this purpose, we chose the C1498 murine leukemia cell 

line, which expresses the Ifng gene (Supplementary Fig. S8A), and we used shRNA interference to 

knock down this gene’s expression (Supplementary Fig. S8B). Cells transfected with non-specific 

or Ifng-specific shRNA vectors (control or shIFN-γ cells, respectively) were injected into C57BL/6 

mice tibia. Injection of IFN-γ–producing control cells resulted in a diffuse interstitial effacement of 

BM parenchyma (Supplementary Fig. S8C) that was coherent with localization of AML cells (as 

previously described (41)). After 31 days, mice were sacrificed, and tibiae were flushed to recover 

BM cells: flow cytometry showed a significantly higher percentage of engraftment in mice that 

received control than shIFN-γ cells (Fig. 6A). 

Since Ifng knockdown did not modify the intrinsic ability of C1498 cells to proliferate 

(Supplementary Fig. S8D) or survive (Supplementary Fig. S8E), we asked whether IFN-γ 

stimulates leukemic cell engraftment by modifying the BM microenvironment. Flow cytometry of 

BM cells revealed similar percentages of CD4
+
 (Supplementary Fig. S8F, left panel) and CD8

+
 cells 



25 
 

(Supplementary Fig. S8F, right panel) but a significantly higher frequency of Tregs in the BM of 

mice injected with control than shIFN-γ cells (Fig. 6B). This Treg expansion was paralleled by a 

significant increase in a population of Tregs expressing OX40, a Treg-associated fitness marker 

(Supplementary Fig. S8G), and CTLA-4 (Supplementary Fig. S8H), supporting Treg suppressive 

functions (37). These data suggest that, in AML, high levels of IFN-γ within the BM 

microenvironment increase Tregs concomitantly with leukemic cell engraftment. 

Given these results, we investigated whether the in vivo reshaping of the BM microenvironment 

toward Tregs by IFN-γ–producing AML cells was due to increased IDO1. Immunohistochemistry 

on BM sections revealed that IDO1 expression was significantly lower in mice injected with shIFN-

γ cells than in control (Fig. 6C and D). Immunofluorescence revealed that IDO1 expression 

decreased also in MSCs, identified as smooth muscle actin (SMA)-nestin
+
 cells (Fig. 6E, 

quantified in Fig. 6F). A similar pattern was obtained for NOS2 (Supplementary Fig. S8I), a 

downstream target of IFN-γ with a critical role in MSC-mediated immunosuppression (42). 

Consistently, the administration of the IDO1 inhibitor NLG919 to mice inoculated with control 

cells reduced leukemia cell engraftment (Fig. 6G) and BM Tregs (Fig. 6H). IDO1 inhibition in the 

absence of IFN-y signaling did not modify BM Treg frequency (Fig. 6H) or leukemia cell 

engraftment (Fig. 6G).  Taken together, these results indicate that IFN-γ production by AML cells 

reshapes the BM microenvironment by inducing Tregs through the upregulation of IDO1. The IFN-

γdependent increase in Tregs is positively associated with leukemia cell engraftment, suggesting 

the induction of an immune-tolerant microenvironment. 

Discussion 

The ability of AML cells to shape the BM niche to their advantage is emerging as a hallmark of this 

cancer (2,3). Our study builds on this concept and demonstrates that the release of IFN-γ by AML 

cells skews the immunological composition of the BM microenvironment toward an 
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immunosuppressive phenotype, enriched in suppressive Tregs, which correlates with worse clinical 

outcomes in AML patients.  

AML cells produce a wide array of soluble mediators, which help them increase their autonomous 

growth capacity (43). Our study shows that AML cells have the ability to release IFN-γ. In contrast 

to other tumor models, where increased IFN-γ levels have been linked to cytokine production by 

infiltrating immune cells (44,45), our study found little, if any, contribution to IFN-γ secretion by 

the major immune cell subsets (i.e., CD8
+
 and NK cells). Instead, we found that AML cells are the 

main source of IFN-γ. This finding reveals a unique feature of AML where IFN-γ production is 

more likely the result of an intrinsic dysregulation of leukemia cells rather than the consequence of 

inflammatory BM changes. 

Moreover, our results unravel an unexpected tolerogenic role of IFN-γ in the context of AML, 

highlighting its ‘dark side’ in the creation of an immunosuppressive microenvironment. Indeed, in 

most tumors, IFN-γ is known to provide a signal resulting in enhanced anti-tumor immunity (20) 

and better clinical outcome (21,22). By contrast, in our AML patients’ cohort, both microarray and 

NanoString analysis revealed an association of high IFNG expression with the upregulation of both 

inflammatory and, interestingly, immunosuppressive genes (e.g., IDO1 and NOS2). These data 

enabled us to identify a novel immune gene signature based on the 30 DEGs between IFNG
high

 and 

IFNG
low 

AML samples and create a prognostic index capable of dissecting AML patients into two 

groups with highly significant differences in survival. Notably, IFNG expression alone does not 

allow us to stratify AML patients from our cohort or public databases (our unpublished data), 

suggesting that the gene network of IFN--related downstream signals is more relevant for patients’ 

outcomes. Moreover, our novel IFN--based gene signature clusters with a previously published 

signature based on higher expression of type I and II IFN-related genes predicting chemotherapy 

resistance and response to immunotherapy in AML (34). Intriguingly, abnormalities in immune 

genes, which are part of our novel IFN-γ-based signature, positively correlate with TP53 mutational 
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status. An IDO1-centered gene signature, recently characterized by our group and predictive of 

AML patient outcome, highlighted a similar correlation (46). To note, TP53 mutants have been 

recently described to have higher expression of IFNG and highly immunosuppressive Tregs in the 

BM (9,47). Altogether, this body of evidence opens a new compelling scenario in which cell-

extrinsic pathways, such as IFNγ-IDO1 signaling, may co-exist with cell-intrinsic alterations such 

as TP53 mutations and contribute to the reshaping of AML immune landscape, leading to worse 

clinical outcomes. Since our criteria of samples’ selection (>80% myeloblasts) may have excluded 

some relevant AML patient subsets, typically oligoblastic, among which TP53 mutants, targeted 

studies will be required to investigate this hypothesis thoroughly. 

Increasing evidence indicates that Tregs are involved in creating an immune-tolerant BM 

microenvironment in AML. A high frequency of Tregs has been correlated with a reduced response 

to chemotherapy and poor overall survival (7-10). However, the mechanisms by which Tregs are 

induced within the BM are poorly understood. Moving from the observation that high IFN-γ 

production by AML cells positively correlates with increased Tregs in the BM of AML patients, we 

found that the silencing of IFN-γ expression in AML cells or IDO1 inhibition in mice inoculated 

with IFN-γ-expressing AML cells reduced the Treg frequency in vivo. This effect was paralleled by 

a decrease of IDO1 expression in BM cells. Together with the profound reshaping by AML cells of 

the BM cell transcriptome according to IFNG expression, these data suggest that Treg induction is 

part of a remodeling of the BM immune microenvironment initiated by AML cells through IFN-γ 

release. In this process, activation of the IDO1 pathway seemed central, corroborating previous 

reports that demonstrated a crucial role of IDO1 in orchestrating Treg induction in AML (16,48). 

A  more comprehensive characterization of IFN- downstream events in the BM microenvironment 

could be beneficial also in the transplant setting. IFNG
high

 samples showed a downregulated 

expression of MHC class II genes, such as HLA-DRB1 and HLA-DRB1, CD74 (the invariant chain), 

and CIITA (Fig. 1C). Transcriptional down-regulation of HLA class II molecules has been 
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recognized as a post-transplantation mechanism of immune evasion and relapse (46,47) and could 

be overcome by IFN-γ treatment (48). Thus, IFN- expression by AML cells could affect MHC 

genes' expression differently from exogenous IFN- addition, but whether IFN--dependent Treg 

induction could be relevant in post-transplant outcomes remains to be investigated. 

IFN-γ is the most potent inflammatory signal conferring immunosuppressive properties to MSCs 

(13,14). In particular, after exposure to IFN-γ, MSCs become able to induce fully functional Tregs 

in vitro and in vivo (11). We found that IFN-γ from AML cells altered gene expression in MSCs by 

up-regulating immune-tolerant and Treg differentiation pathways. Importantly, IFN-γ release by 

AML cells up-regulated MSC expression of IDO1 and its regulators. This observation was made 

both in vitro and in vivo. In vitro, IFN-γ release by AML cells primed MSCs to induce IDO1, which 

mediates Treg conversion. In vivo, silencing of IFN-γ expression in AML cells was associated with 

a decrease of IDO1-expressing MSCs and Tregs. This result is in accordance with the finding of 

increased numbers of IDO1-expressing MSCs associated with high levels of Tregs in AML patients 

(49). It is conceivable that cells other than MSCs may participate in this process. In particular, AML 

cells have been described to increase IDO1 expression and activity after exposure to IFN-γ 

(16,48,50). Accordingly, in vivo ablation of IFN-γ production by AML cells reduced IDO1 

expression, not only in MSCs. Thus, both AML cells and MSCs might contribute to establishing an 

immune-tolerant microenvironment via IDO1. However, in this work, we observed that, in a Treg 

conversion assay, AML cell contribution appears reduced if directly compared with that of the 

MSCs. Altogether, these data suggest that in the induction of Tregs via IDO1, the role of MSCs 

may be prevailing, although the participation of other cell subsets cannot be ruled out.  

In conclusion, this study shows that AML cells’ ability to secrete IFN-γ enables them to alter the 

transcriptome of BM cells, leading to an immunosuppressive phenotype where induced Tregs have 

a prominent contribution. In such process, tolerogenic MSCs, as a key cellular component of BM 

niche and professional Treg-inducers, are likely to be pivotal. The newly emerging dual face of 
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IFN-γ can be interpreted as part of the complex immune response in cancer, where the broad range 

of IFN-γ actions could depend on the context of tumor specificity, IFN-γ-signaling levels, and 

microenvironment conditions. A greater understanding of the IFN-γdependent tolerogenic tuning 

of the BM microenvironment could help provide a rationale for therapies able to overcome 

immune-modulatory effects on the stromal and immune microenvironment, such as IDO1 

inhibitors, and may support the design of new treatments combining the activation of effector cell 

functions and inhibition of Tregs.  
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Figure legends 

Figure 1. IFNG expression in AML samples is highly variable. A, Relative expression of IFNG 

mRNA in BM-derived mononuclear cells from 7 healthy donors (HDs) and 61 AML patients at 

diagnosis. B, Relative expression of IFNG mRNA in HDs (n=7) and AML samples dichotomized 

into IFNG
low

 (n=31) and IFNG
high 

(n=30) groups at the median. Horizontal red lines indicate the 

median and interquartile range (HDs vs IFNG
low

,* P=0.008; HDs vs IFNG
high

, P= 0.551; IFNG
low

 

vs IFNG
high

, **P<0.001; Kruskal-Wallis-test). C, Heatmap of differentially expressed genes 

(|FC|≥2.0 and P≤0.05) between IFNG
high 

and IFNG
low 

AML cells. Columns represent patients. Color 

changes within rows indicate expression levels relative to the mean for each gene, rescaled on the 

standard deviation. Genes are ranked according their fold change (from high to low, IFNG
high

/ 

IFNG
low

) inside each macro-pathway (shown on the right). 

Figure 2. IFNG
high

 AML cells express a distinctive inflammatory and immune gene signature 

correlated to poor overall survival. A, Heatmap of differentially expressed genes between IFNG
high 

and IFNG
low

 groups (|log2 FC|>2.0 and P<0.05, adjusted P value, false discovery rate). ClustVis, an 

online tool for multivariate data clustering (Euclidean distance, complete linkage), was used for 

data visualization. B, Pearson’s correlations between NanoString-derived mRNA levels of IFNG 

and IFNG-modulated immune-related genes. C,  Correlogram showing the co-expression of the 30 

DEGs between IFNG
high 

and IFNG
low

 groups and a previously published RNA-based IFN- 

signature indicated as IFNG (STM2020) (34) in AML cases (N=149) from the TCGA cohort. The 

plot was drawn using the corrplot package in R. D, Kaplan-Meier analysis of overall survival for 

AML patients (N=149, TGCA cohort) dichotomized according to prognostic index in PI
high

 group 

(n=74) and PI
low

 group (n=75) based on expression levels of the 30 DEGs from our NanoString 

analysis. Log-rank test.  

Figure 3. IFN-γ expressed by AML cells correlates with the presence of Tregs in the BM. A, BM 

cells co-expressing IFN- and the indicated blast-specific marker analyzed by flow cytometry 
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(mean ± SEM, n=12; CD34 vs CD33, P=0.875; CD34 vs CD117, P=0.623; CD33 vs CD117, 

P=0.792; one-way ANOVA, Tukey comparison). B, IFN-γ
+
 cells in immune-magnetically purified 

CD34
+
 cells from healthy BM donors (n=4) and in IFN-γ

high
 (n=8) and IFN-γ

low
 samples (n=8) 

(mean ± SEM; *P<0.001, NS, not significant; one-way ANOVA, Bonferroni correction for multiple 

comparisons). C, Cellular composition of IFN-γ
high

 and IFN-γ
low 

samples by flow cytometry. AML 

cells (CD34
+
, CD33

+
, or CD117

+
); NK cells (CD45

+
CD3

-
CD56

+
). Values are averages of at least 5 

samples (P>0.05, two-way ANOVA, Bonferroni correction for multiple comparisons). D, IFN-γ
+ 

cells in IFN-γ
high

 (n=7) and IFN-γ
low 

(n=7) groups, by cell type (mean ± SEM; *P<0.001; two-way 

ANOVA, Bonferroni correction for multiple comparisons). E, Frequencies of Tregs 

(CD3
+
CD4

+
CD25

+
CD127

low/-
 cells) in BM cells of healthy donors (HDs; n=5) and in IFN-γ

high
 

(n=4) and IFN-γ
low

 (n=7) samples (mean ± SEM; *P=0.005, **P=0.040; one-way ANOVA, Tukey 

comparison). F, Correlation between the percentages of Tregs and IFN-γ
+
 cells in BM cells (linear 

regression). G, Activated Tregs (CD45RA
-
CD25

high
FOXP3

+
 cells) within the 

CD3
+
CD4

+
CD25

+
CD127

low/-
 Treg population, expressed as a percentage of CD4

+
 cells, in BM cells 

of healthy donors (n=5) and in IFN-γ
high

 (n=4) and IFN-γ
low

 (n=7) samples (mean ± SEM; 

*P=0.008, **P=0.041; one-way ANOVA, Tukey comparison). 

Figure 4. IFN-γ
high

 AML cells mold the MSC transcriptome towards an immunosuppressive profile. 

A, IFN-γ levels in conditioned medium from co-cultures of MSCs and IFN-γ
high

 or IFN-γ
low

 cells. 

Each dot represents the average of one sample analyzed by immunoassay in triplicate (mean ± SEM 

of at least 5 experiments with different samples; *P=0.025; unpaired t test). B, Venn diagram 

showing numbers of genes up-regulated and down-regulated in MSCs co-cultured with IFN-γ
high

 

(n=5) or IFN-γ
low

 (n=4) cells with respect to MSC monocultures (n=5). C, Heatmap of selected 

immune response-related genes whose expression in MSCs changed as a result of co-culture with 

IFN-γ
high

 or IFN-γ
low 

cells. Columns report ratios between a co-culture and its related monoculture. 

Color scale indicates expression levels relative to the mean for each gene, rescaled on the standard 
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deviation. Genes are sorted by average linkage hierarchical clustering. D, Representative enplots 

from gene set enrichment analysis of immune tolerance signatures in MSCs co-cultured with IFN-

γ
high

 cells (left panel) or IFN-γ
low

 cells (right panel). The illustrated pathway (TREG VS T CONV 

UP) refers to the up-regulation of Treg differentiation from conventional T cells. NES, normalized 

enrichment score; q, FDR q value. 

 

Figure 5. IFN-γ
high

 cells upregulates IDO1 expression in MSCs and increase their capacity to 

induce Tregs. A, qRT-PCR analysis of IDO1 gene expression in MSCs cultured for 4 days, alone 

(taken as 1) or with IFN-γ
high

 or IFN-γ
low

 cells (mean ± SEM of 5 experiments; *P=0.004, 

**P=0.005; one-way ANOVA, Bonferroni correction for multiple comparisons). B, Percentage of 

IDO1
+
 cells analyzed by flow cytometry in MSCs cultured for 4 days, alone or with IFN-γ

high
 or 

IFN-γ
low

 cells (mean ± SEM of 3 experiments; MSCs vs IFN-γ
high

, *P=0.039; MSCs vs IFN-γ
low

, 

P=0.581; IFN-γ
high

 vs IFN-γ
low

, P=0.082; one-way ANOVA, Bonferroni correction for multiple 

comparisons). C, qRT-PCR analysis of IDO1 expression in MSCs cultured for 6 h, alone or with 

IFN-γ
high

/ IFN-γ
low

 cells, in the absence or presence of an IFN-γ-neutralizing antibody (anti-IFN-γ, 

20 µg/ml) (mean ± SEM of 3 experiments; MSCs alone vs MSCs+IFN-γ
high  

cells, *P=0.001; ** 

P=0.018 and *** P=0.002 vs MSCs+IFN-γ
high

 cells; one-way ANOVA, Tukey correction). D, 

Percentages of Tregs (CD3
+
CD4

+
CD25

+
FOXP3

+
 T cells, gated on CD4

+
) in 7-day cultures of 

PBMCs alone or with MSCs pre-cultured with IFN-γ
high

 cells for 4 days, in the absence or presence 

of IDO inhibitor (1-methyl-DL-tryptophan, 1 mM) (mean ± SEM of 6 experiments; *P=0.004; 

**P=0.002; one-way ANOVA, Tukey correction). E, Percentage of CD4
+
CD25

+
FOXP3

+
 cells after 

7-day cultures of purified CD4
+
CD25

-
 T cells, alone, with MSCs or with MSCs pre-cultured for 4 

days with IFN-γ
high

/ IFN-γ
low

 cells, in the absence or presence of IDO inhibitor (1-methyl-DL-

tryptophan, 1 mM) (mean ± SEM of 5 experiments; *P<0.001, ** P=0.005 vs MSCs + IFN-γ
high

 

cells; one-way ANOVA, Tukey correction). 
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Figure 6. IFN-γ production by AML cells shapes the BM microenvironment by inducing Tregs in 

vivo. Tibia of C57BL/6 mice were injected with C1498 cells transfected with a vector expressing 

Ifng-specific or non-specific shRNA (shIFN-γ or control). After 31 days, BM was flushed to obtain 

cells for flow cytometry and bone was paraffin-embedded for microscopy. A, Engraftment (31 

days) of BM cells expressing GFP (control, n=6; shIFN-γ, n=7; *P=0.011; unpaired t test). B, 

Frequencies of Tregs (CD4
+
CD25

+
Foxp3

+
cells) gated on CD4

+
 cells (control, n=7; shIFN-γ, n=7; 

*P<0.001; unpaired t test). C, Immunohistochemistry of IDO1 in BM sections. Magnification ×40. 

D, Quantification of IDO1 staining of sections in C. Values are percentages of positive signals (3+ 

and 2+) in five non-overlapping high-power fields (×400) per group; *P<0.001, unpaired t test. E, 

Immunofluorescence in BM sections of IDO1 (red, Alexa Fluor 568), SMA–nestin (green, Alexa 

Fluor 488). IDO1-SMA–nestin triple-positive cells are indicated in yellow. Blue, nuclei (DAPI). 

Magnification 40×. Representative arrowed cells are shown magnified in the inserts. F, 

Quantification of IDO1 staining in SMA–nestin
+
 cells in BM sections shown in C. Values are 

percentage of positive IDO1 signal in SMA–nestin
+
 cells, in five non-overlapping high-power 

fields (×400) per group (*P=0.009, unpaired t test). G, Engraftment (31 days) of BM cells 

expressing GFP (control, n=7; control +IDO1 inhib, n=4; shIFN-γ, n=7; shIFN-γ + IDO1 inhib, 

n=5; *P=0.004 vs control; **P<0.001 vs control; one-way ANOVA, Tukey comparison). H, 

Frequencies of Tregs (CD4
+
CD25

+
Foxp3

+
cells) gated on CD4

+
 cells (control, n=7; control + IDO1 

inhib, n=4; shIFN-γ, n=7; shIFN-γ + IDO1 inhib, n=5; *P=0.009 vs control; **P<0.001 vs control; 

one-way ANOVA, Tukey comparison). 
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