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Translational significance 55 

In most tumors, IFN-γ provides a signal resulting in enhanced anti-tumor immunity and better clinical 56 

outcome. By contrast, our study reveals the “dark side” of  IFN-γ in the creation of an immune-57 

tolerant microenvironment enriched in Tregs and correlated with a worse prognosis in AML patients. 58 

In vitro and in vivo results demonstrate that IFN-γ released by AML cells, not by leukemia-infiltrating 59 

immune cells, remodels the BM immune and stromal microenvironment by inducing suppressive 60 

Tregs. Given the emerging role of immunotherapies for AML, our findings support the incorporation 61 

of a new panel of microenvironment-based immunological factors into current AML classification 62 

and prognostication systems. Moreover, a greater understanding of the IFN-γ-dependent tolerogenic 63 

tuning of the BM microenvironment provides the rationale for therapies targeting IFN-γ-driven 64 

immune-modulatory effects on stromal and immune AML microenvironment, i.e., IDO1 inhibitors, 65 

and combining the activation of effector cells with the inhibition of Tregs.   66 

 67 

Abstract 68 

Purpose: The stromal and immune bone marrow (BM) landscape is emerging as a crucial 69 

determinant for acute myeloid leukemia (AML). Regulatory T cells (Tregs) are enriched in the AML 70 

microenvironment, but the underlying mechanisms are poorly elucidated. Here, we addressed the 71 

effect of IFN-γ released by AML cells in BM Tregs induction and its impact on AML prognosis.  72 

Experimental design: BM aspirates from AML patients were subdivided according to IFNG 73 

expression. Gene expression profiles in INFGhigh and IFNGlow samples were compared by microarray 74 

and NanoString analysis and used to compute a prognostic index. The IFN-  release effect on the BM 75 

microenvironment was investigated in mesenchymal stromal cell (MSC)/AML cell co-cultures. In 76 

mice, AML cells silenced for IFN-γ expression were injected intrabone. 77 

Results: IFNGhigh AML samples showed an upregulation of inflammatory genes, usually correlated 78 

with a good prognosis in cancer. By contrast, in AML patients, high IFNG expression associated with 79 
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poor overall survival. Notably, IFN-  release by AML cells positively correlated with a higher 80 

frequency of BM suppressive Tregs. In co-culture experiments, IFNGhigh AML cells modified MSC 81 

transcriptome by up-regulating IFN-γ-dependent genes related to Treg induction, including 82 

indoleamine 2,3-dioxygenase 1 (IDO1). IDO1 inhibitor abrogated the effect of IFN-γ release by AML 83 

cells on MSC-derived Treg induction. In vivo, the genetic ablation of IFN-γ production by AML cells 84 

reduced MSC IDO1 expression and Treg infiltration, hindering AML engraftment.  85 

Conclusions: IFN-  release by AML cells induces an immune-regulatory program in MSCs and 86 

remodels BM immunological landscape toward Treg induction, contributing to an immunotolerant 87 

microenvironment. 88 

 89 

 90 

 91 

 92 
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Introduction 100 

Acute myeloid leukemia (AML) is a heterogeneous clonal disease that develops from a rare 101 

population of bone marrow leukemic stem cells (1). For many years, cytogenetic and molecular 102 

aberrations in hematopoietic stem cells were considered the only causative factors in AML onset 103 

and development. Recently, this notion has been challenged, and it is now established that AML 104 

pathophysiology also depends on the bone marrow (BM) microenvironment (2,3). 105 

A component of the BM microenvironment that is crucial to AML pathophysiology is the 106 

immunological landscape (4,5). Aberrant cytokine production and a profound dysregulation of the 107 

frequency and function of immune cell subsets induce an immunosuppressive milieu, which favors 108 

the escape of AML cells from immune control (6,7). In particular, the BM microenvironment in 109 

AML is enriched in regulatory T cells (Tregs) (8,9), which contribute to the immunosuppressive 110 

phenotype (10), chemoresistance, and disease relapse (8,11). The induction and the suppressive 111 

functions of Tregs are regulated, among others, by mesenchymal stromal cells (MSCs) (12), 112 

recognized as pivotal contributors to the hematopoietic stem cell niche (13). A crucial mediator of 113 

MSC-driven Treg induction is indoleamine 2,3-dioxygenase 1 (IDO1) (14,15), a well-known 114 

tryptophan metabolizing enzyme contributing to the immunosuppressive tumor microenvironment 115 

(16). Notably, MSCs are not constitutively immunosuppressive but rather acquire this capacity, 116 

including the ability to induce Tregs, in response to pro-inflammatory stimuli (14,15). 117 

Inflammation has recently emerged as a hallmark of cancer (17). Along with its pro-tumorigenic 118 

effects, inflammatory signals also influence the host immune response inhibiting tumor 119 

development (18). One such signal is interferon (IFN)-γ, a cytokine produced predominantly by T 120 

cells and natural killer (NK) cells that suppresses hematopoiesis and is a master regulator of innate 121 

and adaptive immunity (19,20). In the tumor microenvironment, IFN-γ orchestrates an array of anti-122 

proliferative, pro-apoptotic, anti-tumor, immune-activating responses (21). IFN-related gene 123 

signature is a favorable predictive marker for chemotherapy and radiotherapy efficiency as well as 124 
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immunotherapy in various types of malignancies (22,23). However, emerging and seemingly 125 

paradoxical findings indicate that IFN-γ can also be involved in pathways supporting tumorigenesis 126 

and immune evasion (24).  127 

This study aimed to address whether IFN-  regulates immunological changes of the BM 128 

microenvironment in AML. For this purpose, we used BM aspirates from AML patients, cell-129 

culture systems, and a murine AML model to investigate the ability of AML cells to favor the 130 

establishment of a Treg-centered immunosuppressive microenvironment through the release of IFN-131 

γ. 132 

 133 

 134 

 135 

 136 

 137 
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 140 

 141 

 142 

 143 

 144 
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Materials and Methods 145 

The Supplementary Methods detail procedures for primary cell isolation, qRT-PCR, flow 146 

cytometry, western blotting, immunohistochemistry, immunofluorescence, and prognostic index 147 

calculation. 148 

Ethics statement 149 

This study is part of ongoing research approved by the Independent Ethics Committee of the Area 150 

Vasta Emilia Centro (94/2016/O/Tess). AML patients and healthy BM donors were recruited at 151 

Seràgnoli Hematology Institute in Bologna. Clinical samples and data were collected with written 152 

informed consent. The investigations were conducted in accordance with the Declaration of 153 

Helsinki. 154 

Biological samples and cell cultures 155 

BM aspirate samples were collected from 49 AML patients at diagnosis (blasts ≥80%) and 8 healthy 156 

donors (Supplementary Table S1). BM samples were used to isolate mononuclear cells. Throughout 157 

the text, we referred to IFN-γhigh or IFN-γlow AML cells as BM cells in the large majority (≥80%) 158 

expressing blast cell-associated markers and co-expressing IFN- , respectively above or below the 159 

median within our AML patients' cohort. BM samples were also used to isolate MSCs 160 

(Supplementary Methods). 161 

GeneChip gene expression profiling 162 

The first part of the study used gene expression data generated for our previous studies, specifically 163 

from BM mononuclear cells of 61 AML patients (blasts ≥80%) (GSE161532) (25) and 7 healthy 164 

BM donors (not previously reported). The patients include 29 men and 32 women of mean age 60.1 165 

(SD = 11.9) years. In all cases, mononuclear cells had been isolated from BM aspirates by density 166 

gradient centrifugation and lysed in RLT buffer (Qiagen). RNA was extracted and reverse-167 

transcribed into cDNA as previously reported (26). cDNA was hybridized to GeneChip Human 168 
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Transcriptome Assay 2.0 microarrays (Thermo Fisher Scientific). Data were analyzed using 169 

Transcriptome Analysis Console 4.0 software (Thermo Fisher Scientific) and the SST-RMA (signal 170 

space transformation – robust multiple-array average) algorithm. 171 

GeneChip data for IFNG mRNA were used to dichotomize the AML cell preparations into an 172 

IFNGlow group (below the median) and IFNGhigh group (above the median). Then, for all genes, fold 173 

change (FC) in expression was calculated as IFNGhigh/IFNGlow. Genes with |FC| ≥2.0 and P≤0.05 174 

(according to Transcriptome Analysis Console software) were considered differentially expressed. A 175 

heatmap of differentially expressed genes (DEGs) was generated using ClustVis (27). DEGs were 176 

attributed to macro-pathways according to pathway analysis and functional annotation (GeneCards) 177 

and analyzed using Enrichr (https://amp.pharm.mssm.edu/Enrichr/)(28). 178 

Amplification-free gene expression profiling 179 

Messenger RNA was extracted from BM mononuclear cells of AML patients (18 men and 6 180 

women; mean age, 53.4 years; SD=17.6 years) (Supplementary Table S1) using Maxwell RSC 181 

simplyRNA Blood Kit (Promega). Samples (100-150 ng) were analyzed on the nCounter FLEX 182 

system using the PanCancer IO 360 Panel (NanoString Technologies). Reporter probe counts were 183 

analyzed using nSolver software (v4.0.62) and nSolver Advanced Analysis module (v2.0.115). 184 

Captured transcript counts were normalized to the geometric mean of the included reference genes 185 

and internal positive controls. DEGs between IFNGhigh and IFNGlow groups (based on qRT-PCR) 186 

were identified using |log2 FC|>2.0 and P<0.05 (Benjamini–Yekutieli false discovery rate, Student's 187 

t test). The nSolver software package was used to calculate, for each sample, biological activity, and 188 

pathway scores, as linear combinations of pre-defined gene sets. STRING (https://string-db.org/) 189 

was used to analyze functional interaction networks.  190 

 191 

 192 

 193 
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Co-culture experiments 194 

To study the effects of AML cells on BM-derived MSCs, we used two-chamber co-cultures with 195 

MSCs in the lower and AML cells in the upper chamber. Cells were cultured for up to 4 days and 196 

recovered for analyses (Supplementary Methods). 197 

Murine model of AML  198 

Animal studies were approved by the Committee for Animal Welfare of Fondazione IRCCS Istituto 199 

Nazionale dei Tumori and Italian Ministry of Health (authorization 781/2018-PR) and performed 200 

following Italian law D.lgs 26/2014. To create a murine model of AML, the murine acute leukemia 201 

cell line C1498 was infected with lentiviral particles containing a vector expressing Ifng-specific 202 

interfering shRNA (shIFN-  or non-specific shRNA (control cells). These cells were injected into 203 

the tibias of C57BL/6 mice. BM cells were later obtained for analysis (Supplementary Methods). 204 

Data availability   205 

For the original gene expression data, please contact: giorgia.simonetti@irst.emr.it. For the original 206 

NanoString nCounter FLEX data, please contact: sergio.rutella@ntu.ac.uk. Gene expression and 207 

Nanostring data have been deposited in NCBI's Gene Expression Omnibus and are accessible 208 

through GEO Series accession numbers GSE161532 (AML)(25), GSE155441 (MSCs vs. 209 

AML/MSCs), and GSE146204 (NanoString). 210 

Statistical analysis 211 

Tests used in statistical analyses are indicated in the figure legends. P<0.05 was considered 212 

significant. Analyses were done using GraphPad Prism software (v6.0). 213 

 214 

 215 

 216 
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Results  217 

IFNGhigh AML samples have a gene signature enriched in IFN- signaling, inflammatory, and 218 

immune-response pathways, which correlates with poor clinical outcome 219 

To clarify the role of IFN-γ signaling in AML, we first compared IFNG mRNA levels in BM 220 

aspirates of AML patients and healthy donors (Fig. 1A). From existing GeneChip microarray data, 221 

it emerged that IFNG mRNA levels in AML samples had a broad distribution skewed to higher 222 

values. The median was used to dichotomize AML samples into IFNGlow and IFNGhigh groups (Fig. 223 

1B). Expression levels in IFNGlow and IFNGhigh groups were lower and higher, respectively, than in 224 

samples from healthy BM donors. 225 

To determine whether the groups of AML cells differed in overall gene expression, we used the 226 

same data to identify differentially expressed genes (DEGs) and found 47 up-regulated and 19 227 

down-regulated genes in the IFNGhigh group compared to the IFNGlow group (Fig. 1C, 228 

DataSheet_page1). Ranking DEGs in macro-pathways revealed that 19 genes belonged to 229 

inflammation and immune response pathways. Notably, the IFNGhigh group had lower expression 230 

levels of genes involved in immune responses (e.g., CIITA, CD180, CD1C) and higher expression 231 

levels of genes involved in inflammation (e.g., CXCL8, CCL4, CXCL2). Enrichment analysis 232 

revealed that the DEGs were involved in IFN-  response pathways, including cytokine-mediated 233 

signaling, among other pathways (Supplementary Table S2). 234 

To further investigate this phenomenon, we analyzed 24 BM samples of AML patients. qRT-PCR 235 

on IFNG mRNA was used to dichotomize samples into IFNGhigh and IFNGlow groups. The 236 

expression of 750 cancer-related genes was profiled in an amplification-free manner on the 237 

nCounter platform using the PanCancer IO 360 Panel (NanoString). Samples classified as IFNGhigh 238 

expressed significantly higher levels of IFNG mRNA than IFNGlow AML samples (Supplementary 239 

Fig. S1A). 240 
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These data were then used to identify DEGs between IFNGhigh and IFNGlow groups (Fig. 2A, 241 

DataSheet_page2). CD28, CXCL8 GZMH, GZMA, IFIT1, CD8A, and CD3G were among the most 242 

significantly up-regulated genes in IFNGhigh samples, corroborating the relationship between high 243 

IFNG expression and modulated IFN- signaling observed above (Fig. 1C; Supplementary Table 244 

S2). Pathway analysis revealed an enrichment of DEGs in KEGG pathways related to T cell 245 

receptor signaling, Th1 and Th2 cell differentiation, Wnt, and NF- B signaling (Supplementary 246 

Table S3). Network interaction analysis showed the DEGs involved in molecular pathways known 247 

to be enriched in solid cancers (Supplementary Fig. S1B). 248 

We then used the DEGs to compute 25 biological activity and pathway scores (Fig. 2B). IFNGhigh 249 

samples expressed higher levels of genes belonging to PI3K-Akt, MAPK, JAK/STAT, and NF- B 250 

signaling pathways. In contrast, IFNGlow samples had increased expression of gene sets reflecting 251 

epigenetic regulation, DNA damage repair, cellular proliferation, and autophagy.  252 

Finally, using NanoString data for all 24 samples, we examined correlations in expression between 253 

IFNG and genes activated by IFN-γ signaling (Fig. 2C). IFNG expression correlated positively with 254 

that of IDO1, nitric oxide synthase 2 (NOS2), interferon regulatory factor 1 (IRF1), and granzymes 255 

GZMB and GZMM, but not programmed death-ligand 1 (PD-L1). 256 

These results prompted us to evaluate the impact of IFNG expression on the clinical outcomes of 257 

AML patients. We computed a prognostic index (PI), as previously published (29), based on 258 

expression levels of the 30 DEGs from our NanoString analysis (DataSheet_page2), which was 259 

applied to 149 cases of non-promyelocytic AML from the TGCA project (30). Survival analysis 260 

revealed that patients whose PI was above the median had significantly shorter overall survival than 261 

those with a PI below the median (Fig. 2D). Remarkably, only the up-regulated genes contributed to 262 

poor survival; the down-regulated genes were not prognostic (Supplementary Fig. S1C and S1D). 263 
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Overall, these data suggest that IFNGhigh and IFNGlow AML samples express distinct gene signatures. 264 

Intriguingly, along with genes belonging to inflammatory pathways, high IFNG expression also 265 

correlated with high expression of immunosuppressive genes induced by IFN-γ signaling and 266 

associated with a poor clinical outcome. 267 

High IFN-γ production by AML cells results in increased Tregs in the BM  268 

We next investigated whether all BM cells synthesize IFN-γ or if specific cell populations were 269 

responsible. BM mononuclear cells of AML patients (Supplementary Table S1) were stained for CD3, 270 

blast cell-associated markers (i.e., CD34, CD33, or CD117), and intracellular IFN-γ. Flow cytometry 271 

showed that a substantial fraction of CD3- cells expressing a blast-surface marker contained IFN-γ 272 

(Fig. 3A). Similar to IFNG mRNA data (Fig. 1A), there was high inter-patient variability in the 273 

fraction of IFN-γ+ AML cells (median, 21.1%; range, 2.1%-67.0%), allowing us to dichotomize at 274 

the median into IFN-γhigh and IFN-γlow groups (Fig. 3B, Supplementary S2A, S2B, and S2C). The 275 

mean percentages of IFN-γ+ cells in the IFN-γhigh and IFN-γlow groups were 35.9% and 6.4%, 276 

respectively (Fig. 3B). This percentage in the IFN-γhigh group was significantly different from that in 277 

CD34+ cells from healthy BM donors. Similar results were obtained by analyzing the IFN-  mean 278 

fluorescence intensity (Supplementary Fig. S2B). AML samples classified as IFN-γhigh and IFN-γlow 279 

had similar, low percentages of CD3+, CD8+, NK, and other cell types (Fig. 3C). Within these cell 280 

populations, the fraction of IFN-γ+ cells associated with group assignment (IFN-γhigh vs. IFN-γlow) 281 

only for AML cells (Fig. 3D).  282 

We further investigated the immune cell composition of AML samples according to IFN-γ production 283 

by AML cells, and we found that the percentage of CD4+CD25+CD127low/- cells (namely Tregs) (31) 284 

was significantly higher in IFN-γhigh than in IFN-γlow and healthy donor samples (Fig. 3E). 285 

Furthermore, there was a positive correlation between the percentages of Tregs and IFN-γ+ AML cells 286 

(Fig. 3F). Notably, the percentage of activated Tregs, which mostly retain suppressive activity among 287 

Treg subsets (32) and cytotoxic T-lymphocyte antigen (CTLA)-4+PD-1+ suppressive Tregs were 288 
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higher in IFN-γhigh than IFN-γlow samples (Fig. 3G, Supplementary Fig. 2D). Consequently, the ratios 289 

between Tregs and both CD4+ and CD8+ T effector cells were higher in IFN-γhigh than IFN-γlow 290 

samples (Supplementary Fig. S2E).  291 

These data indicate that, among cells from patients' BM aspirates, AML cells are the main source of 292 

IFN-γ. IFN-γhigh BM samples do not differ in the percentage of the central immune cells (i.e., CD3+, 293 

CD8+, NK  cells) compared with IFN-γlow BM samples but are enriched in suppressive Tregs. 294 

IFN-γhigh AML cells up-regulate IFN-γ-related immunosuppressive genes in MSCs  295 

MSCs are crucial components of the normal and leukemic BM microenvironment and respond to 296 

pro-inflammatory stimuli, especially IFN- by modifying the immunological landscape (14,15). 297 

With that in mind, we set up an in vitro model to investigate interactions between AML cells (IFN-298 

γhigh and IFN-γlow) and AML patient-derived MSCs. For this purpose, two-chamber co-cultures were 299 

used. After 4 days of co-culture, IFN-γhigh cells maintained significantly higher levels of IFNG 300 

expression and IFN-γ production than IFN-γlow cells (Supplementary Fig. S3A and S3B), while 301 

MSCs did not produce IFN-γ (Supplementary Fig. S3C and S3D). Moreover, there was a 302 

significantly higher concentration of IFN-γ in the conditioned medium from co-cultures with IFN-303 

γhigh than IFN-γlow cells (Fig. 4A).  304 

We used a similar model to determine if IFN-γhigh and IFN-γlow cells have different effects on MSC 305 

gene expression. After 24 h of co-culture, compared to MSC monocultures, we detected 82 up-306 

regulated and 12 down-regulated genes in co-cultures involving IFN-γhigh cells, and 17 and 10 307 

genes, respectively, in co-cultures with IFN-γlow cells; 14 genes were up-regulated by both 308 

conditions (Fig. 4B, DataSheet_page3). Interactions with IFN- high cells resulted not only in a 309 

greater number of altered genes than with IFN- low cells but also a different pattern of gene 310 

induction or down-regulation (Fig. 4C). Interestingly, MSCs co-cultured with IFN-γhigh cells had 311 

increased expression of genes encoding chemokines (e.g., CXCL1, CCL5) implicated in Treg 312 
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recruitment in solid tumors (33,34) and of NFKB2 and RELB genes that encode key regulators of 313 

IDO1 (35,36). Importantly, IFN-γhigh but not IFN-γlow cells induced MSCs to up-regulate gene sets 314 

related to Treg differentiation (Fig. 4D). Finally, a set of IFN-γ–dependent immune-modulating 315 

pathways, including NF- B, chemokine, and cytokine signaling, was up-regulated in MSCs co-316 

cultured with IFN-γhigh cells (Supplementary Table S4). Taken together, these data suggest that 317 

IFN-γ synthesis and secretion by AML cells skews MSC phenotype towards immunosuppression. 318 

IFN-γ release by AML cells in vitro drives MSCs to induce Tregs via IDO1  319 

Tregs, the most prominent and fundamental cell population in the BM microenvironment of AML 320 

patients (5,7-9), significantly contribute to creating an immune-suppressive phenotype (10). We 321 

found that the percentage of Tregs was significantly higher in IFN- high than IFN-γlow samples (Fig.  322 

3E). Based on the results on MSC transcriptome modifications after cultures with IFN- high cells 323 

(Fig. 4C and D), we asked whether the release of IFN-γ by AML cells induced MSCs to promote 324 

Tregs. To this end, we focused on IDO1, widely recognized as the nodal mediator of the IFN- -325 

regulated MSC immunomodulatory properties (14). IDO1 and IFNG gene expression were 326 

positively correlated in AML samples (Fig. 2C), and, among different cytokines, IFN-γ was the 327 

most potent stimulus for IDO1 induction in MSCs (Supplementary Fig. S4A and S4B).  328 

Thus, we evaluated IDO1 expression in MSCs co-cultured for 4 days with IFN- high or IFN- low 329 

AML cells, distinguished as described above (Fig. 3A). We found IDO1 higher expression only 330 

with IFN-γhigh cells, at both mRNA (Fig. 5A) and protein levels (Fig. 5B, Supplementary Fig. S4C). 331 

An IFN-γ–neutralizing antibody in co-cultures with IFN-γhigh cells significantly reduced IDO1 332 

induction in MSCs (Fig. 5C). Similar results were obtained with an anti-IFN-γ receptor antibody 333 

(data not shown).  334 

Next, we asked if IDO1 up-regulation by IFN-γhigh cells may drive MSCs to induce Tregs. First, we 335 

co-cultured IFN-γhigh cells and MSCs and then replaced the IFN-γhigh cells with PBMCs: flow 336 
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cytometry after 7 days showed a significantly higher fraction of CD3+CD4+CD25+FOXP3+ cells 337 

(bona fide Tregs) in the PBMCs cultured with IFN-γhigh cell-conditioned MSCs than in PBMCs 338 

cultured alone (Fig. 5D). The addition of an IDO1 inhibitor virtually abrogated Treg induction (Fig. 339 

5D). We used a Treg conversion assay to measure the induction of CD4+CD25+FOXP3+ cells 340 

(Tregs) from CD4+CD25- cells cultured with IFN-γhigh cell-conditioned MSCs. The fraction of 341 

Tregs was low in immunomagnetically purified CD4+CD25- cells cultured alone but increased 342 

significantly when these cells were co-cultured with MSCs previously co-cultured with IFN-γhigh 343 

cells (Fig. 5E, Supplementary Fig. S5A). The inclusion of an IDO1 inhibitor substantially reduced 344 

the conversion (Fig. 5E, Supplementary Fig. S5A). Interestingly, IFN-γhigh AML cells alone were 345 

unable to induce CD4+CD25+FOXP3+ cells. Finally, in a Treg proliferation assay, similar 346 

proliferation indexes were obtained after 7 days of culture with MSCs preconditioned by IFN-γhigh 347 

cells in comparison with PBMCs alone, indicating that the Treg increase induced by IFN-γhigh cell-348 

conditioned MSCs is not due to Treg proliferation (Supplementary Fig. S5B). Altogether, these data 349 

suggest that IFN-γ secretion by AML cells drives MSCs to induce Treg conversion in an IDO1-350 

dependent manner.  351 

IFN-γ secretion by AML cells in vivo remodels the BM microenvironment by inducing Tregs 352 

and favors leukemia cell engraftment 353 

To gain insight into the effects of AML cell-derived IFN-γ on the BM microenvironment, we 354 

established a murine model of AML. For this purpose, we chose the C1498 murine leukemia cell 355 

line, which expresses the Ifng gene (Supplementary Fig. S6A), and we used shRNA interference to 356 

knock down this gene's expression (Supplementary Fig. S6B). Cells transfected with non-specific or 357 

Ifng-specific shRNA vectors (control or shIFN-γ cells, respectively) were injected into C57BL/6 358 

mice tibia. Injection of IFN-γ–producing control cells resulted in a diffuse interstitial effacement of 359 

BM parenchyma (Supplementary Fig. S6C) that was coherent with localization of AML cells (as 360 

previously described (37)). After 31 days, mice were sacrificed, and tibiae were flushed to recover 361 
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BM cells: flow cytometry showed a significantly higher percentage of engraftment in mice that 362 

received control than shIFN-γ cells (Fig. 6A). 363 

Since Ifng knockdown did not modify the intrinsic ability of C1498 cells to proliferate 364 

(Supplementary Fig. S6D), we asked whether IFN-γ stimulates leukemic cell engraftment by 365 

modifying the BM microenvironment. Flow cytometry of BM cells revealed similar percentages of 366 

CD4+ and CD8+ cells (data not shown) but a significantly higher frequency of Tregs in the BM of 367 

mice injected with control than shIFN-γ cells (Fig. 6B). This Treg expansion was paralleled by a 368 

significant increase in a population of Tregs expressing OX40, a Treg-associated fitness marker 369 

(Supplementary Fig. S6E). These data suggest that, in AML, high levels of IFN-γ within the BM 370 

microenvironment increase Tregs and leukemic cell engraftment. 371 

Given these results, we investigated whether the in vivo reshaping of the BM microenvironment 372 

toward Tregs by IFN-γ–producing AML cells was due to increased IDO1. Immunohistochemistry 373 

on BM sections revealed that IDO1 expression was significantly lower in mice injected with shIFN-374 

γ cells than in control (Fig. 6C and D). Immunofluorescence revealed that IDO1 expression 375 

decreased also in MSCs, identified as smooth muscle actin (SMA)+/ nestin+ cells (Fig. 6E). A 376 

similar pattern was obtained for NOS2 (Supplementary Fig. S6F), a downstream target of IFN-γ 377 

with a critical role in MSC-mediated immunosuppression (38). Finally, we examined the impact of 378 

IFN-γ–producing cells on the population of Tregs expressing CTLA-4, a potent suppressor of cells 379 

in the tumor microenvironment (39). The fraction of all Tregs expressing CTLA-4 was higher in 380 

BM of mice that received control than shIFN-γ cells, and administration of the IDO1 inhibitor 381 

NLG919 to mice inoculated with control cells reduced this population (Fig. 6F). Taken together, 382 

these results indicate that IFN-γ production by AML cells reshapes the BM microenvironment by 383 

inducing Tregs through the upregulation of IDO1. The IFN-γ dependent increase in Tregs is 384 

positively associated with leukemia cell engraftment, suggesting the induction of an immune-385 

tolerant microenvironment. 386 
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Discussion 387 

The ability of AML cells to shape the BM niche to their advantage is emerging as a hallmark of this 388 

cancer (2,3). Our study builds on this concept and demonstrates that the release of IFN-γ by AML 389 

cells skews the immunological composition of the BM microenvironment toward an 390 

immunosuppressive phenotype, enriched in suppressive Tregs, which correlates with worse clinical 391 

outcomes in AML patients.  392 

AML cells produce a wide array of soluble mediators (40,41), which help them increase their 393 

autonomous growth capacity (42). Our study shows that AML cells have the ability to release IFN-394 

γ. In contrast to other tumor models, where increased IFN-γ levels have been linked to cytokine 395 

production by infiltrating immune cells (43,44), our study found little, if any, contribution to IFN-γ 396 

secretion by the major immune cell subsets (i.e., CD8+ and NK cells). Instead, we found that AML 397 

cells are the main source of IFN-γ. This finding reveals a unique feature of AML where IFN-γ 398 

production is more likely the result of an intrinsic dysregulation of leukemia cells rather than the 399 

consequence of inflammatory BM changes. 400 

Moreover, our results unravel an unexpected tolerogenic role of IFN-γ in the context of AML, 401 

highlighting its ‘dark side’ in the creation of an immunosuppressive microenvironment. Indeed, in 402 

most tumors, IFN-γ is known to provide a signal resulting in enhanced anti-tumor immunity (20) 403 

and better clinical outcome (21-23). By contrast, in our AML patients' cohort, both microarray and 404 

NanoString analysis revealed an association of high IFNG expression with the upregulation of both 405 

inflammatory and, interestingly, immunosuppressive genes (e.g., IDO1 and NOS2). These data 406 

enabled us to identify a novel immune gene signature based on the 30 DEGs between IFNGhigh and 407 

IFNGlow AML samples and create a prognostic index capable of dissecting AML patients into two 408 

groups with highly significant differences in survival. Notably, IFNG expression alone does not 409 

allow us to stratify AML patients from our cohort or public databases (our unpublished data), 410 

suggesting that the gene network of IFN- -related downstream signals is more relevant for patients' 411 
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outcomes. These results agree with previous observations that higher expression of type I and II 412 

IFN-related genes predicts chemotherapy resistance and response to immunotherapy in AML(45). 413 

Increasing evidence indicates that Tregs are involved in creating an immune-tolerant BM 414 

microenvironment in AML. A high frequency of Tregs has been correlated with a reduced response 415 

to chemotherapy and poor overall survival (8-11). However, the mechanisms by which Tregs are 416 

induced within the BM are poorly understood. Moving from the observation that high IFN-γ 417 

production by AML cells positively correlates with increased Tregs in the BM of AML patients, we 418 

found that the silencing of IFN-γ expression in AML cells reduced the Treg frequency in vivo. This 419 

effect was paralleled by a decrease of IDO1 expression in BM cells, suggesting that the IDO1 420 

pathway activation by IFN-γ–producing AML cells is crucial for Treg induction. IDO1 inhibition 421 

reduced the Treg subpopulation expressing CTLA-4, which regulates IDO1-mediated peripheral 422 

tolerance (46). Accordingly, an increase in a similar population of suppressive Tregs, expressing 423 

CTLA-4 and PD-1, was observed in IFN- high BM samples. Together with the profound reshaping 424 

by AML cells of the BM cell transcriptome according to IFNG expression, these data suggest that 425 

Treg induction is part of a remodeling of the BM immune microenvironment initiated by AML cells 426 

through IFN-γ release. In this process, activation of the IDO1 pathway seemed central, 427 

corroborating previous reports that demonstrated a crucial role of IDO1 in orchestrating Treg 428 

induction in AML (47,48). 429 

IFN-γ is the most potent inflammatory signal conferring immunosuppressive properties to MSCs 430 

(14,15). In particular, after exposure to IFN-γ, MSCs become able to induce fully functional Tregs 431 

in vitro and in vivo (12). We found that IFN-γ from AML cells altered gene expression in MSCs by 432 

up-regulating immune-tolerant and Treg differentiation pathways. Importantly, IFN-γ release by 433 

AML cells up-regulated MSC expression of IDO1 and its regulators. This observation was made 434 

both in vitro and in vivo. In vitro, IFN-γ release by AML cells primed MSCs to induce IDO1, which 435 

mediates Treg conversion. In vivo, silencing of IFN-γ expression in AML cells was associated with 436 
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a decrease of IDO1-expressing MSCs and Tregs. This result is in accordance with the finding of 437 

increased numbers of IDO1-expressing MSCs associated with high levels of Tregs in AML patients 438 

(49). It is conceivable that cells other than MSCs may participate in this process. In particular, AML 439 

cells have been described to increase IDO1 expression and activity after exposure to IFN-γ 440 

(47,48,50). Accordingly, in vivo ablation of IFN-γ production by AML cells reduced IDO1 441 

expression, not only in MSCs. Thus, both AML cells and MSCs  might contribute to establishing an 442 

immune-tolerant microenvironment via IDO1 However, in this work, we observed that, in a Treg 443 

conversion assay, AML cell contribution appears reduced if directly compared with that of the 444 

MSCs. Altogether, these data suggest that in the induction of Tregs via IDO1, the role of MSCs 445 

may be prominent, although the participation of other cell subsets cannot be ruled out.  446 

In conclusion, this study shows that AML cells' ability to secrete IFN-γ enables them to alter the 447 

transcriptome of BM cells, leading to an immunosuppressive phenotype where induced Tregs have 448 

a prominent role. In such process, tolerogenic MSCs, as a key cellular component of BM niche and 449 

professional Treg-inducers, are likely to be pivotal. The newly emerging dual face of IFN-γ can be 450 

interpreted as part of the complex immune response in cancer, where the broad range of IFN-γ 451 

actions could depend on the context of tumor specificity, IFN-γ-signaling levels, and 452 

microenvironment conditions. A greater understanding of the IFN-γ dependent tolerogenic tuning 453 

of the BM microenvironment could help provide a rationale for therapies able to overcome 454 

immune-modulatory effects on the stromal and immune microenvironment, such as IDO1 455 

inhibitors, and may support the design of new treatments combining the activation of effector cell 456 

functions and inhibition of Tregs. 457 

 458 

 459 

 460 
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Figure 1 618 

 619 

Figure 1. IFNG expression in AML samples is highly variable. A, Relative expression of IFNG 620 

mRNA in BM-derived mononuclear cells from 7 healthy donors (HDs) and 61 AML patients at 621 

diagnosis. B, Relative expression of IFNG mRNA in HDs and AML samples dichotomized into 622 
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IFNGlow (n=31) and IFNGhigh (n=30) groups at the median. Horizontal lines indicate the median and 623 

interquartile range (HDs vs IFNGlow,* P=0.008; HDs vs IFNGhigh, P= 0.551; IFNGlow vs IFNGhigh, 624 

**P<0.001; Kruskal-Wallis-test). C, Heatmap of differentially expressed genes (|FC|≥2.0 and 625 

P≤0.05) between IFNGhigh and IFNGlow AML cells. Columns represent patients. Color changes 626 

within rows indicate expression levels relative to the mean for each gene, rescaled on the standard 627 

deviation. Genes are ranked according their fold chance (from high to low, IFNGhigh/ IFNGlow) 628 

inside each macro-pathway (shown on the right). 629 
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Figure 2 649 

 650 
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Figure 2. IFNGhigh AML cells express a distinctive inflammatory and immune gene signature 651 

correlated to poor overall survival. A, Volcano plot showing differentially expressed genes between 652 

IFNGlow and IFNGhigh groups. Log2 fold change (FC) threshold, 2; P value threshold, 0.01 (false 653 

discovery rate). Red dots: |log2 FC|>2 and P<0.05. B, Heatmap of nSolver biological activity and 654 

pathway scores calculated as linear combinations of pre-defined gene sets. Samples and genes are 655 

sorted by unsupervised hierarchical clustering, using Euclidean distance and complete linkage. C, 656 

Pearson's correlations between NanoString-derived mRNA levels of IFNG and IFNG-modulated 657 

immune-related genes. D, Kaplan-Meier analysis of overall survival for 149 AML patients 658 

dichotomized according to prognostic index in PIhigh group (n=74) and PIlow group (n=75). Log-rank 659 

test. 660 
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Figure 3 672 

 673 
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Figure 3. IFN-γ expressed by BM AML cells correlates with the presence of Tregs in the BM. A, 674 

Cells co-expressing IFN-  and the indicated blast-specific marker analyzed by flow cytometry 675 

(mean ± SEM, n=12; CD34 vs CD33, P=0.875; CD34 vs CD117, P=0.623; CD33 vs CD117, 676 

P=0.792; one-way ANOVA, Tukey comparison). B, IFN-γ+ cells in immune-magnetically purified 677 

CD34+ cells from healthy BM donors (n=4) and in IFN-γhigh (n=8) and IFN-γlow samples (n=8) 678 

(mean ± SEM; *P<0.001, NS, not significant; one-way ANOVA, Bonferroni correction for multiple 679 

comparisons). C, Cellular composition of IFN-γhigh and IFN-γlow samples by flow cytometry. AML 680 

cells (CD34+, CD33+, or CD117+); NK cells (CD45+CD3-CD56+). Values are averages of at least 5 681 

samples (P>0.05, two-way ANOVA, Bonferroni correction for multiple comparisons). D, IFN-γ+ 682 

cells in IFN-γhigh (n=7) and IFN-γlow (n=7) groups, by cell type (mean ± SEM; *P<0.001; two-way 683 

ANOVA, Bonferroni correction for multiple comparisons. E, Frequencies of Tregs 684 

(CD3+CD4+CD25+CD127low/- cells) in BM cells of healthy donors (HDs; n=5) and in IFN-γhigh 685 

(n=4) and IFN-γlow (n=7) samples (mean ± SEM; *P=0.005, **P=0.040; one-way ANOVA, Tukey 686 

comparison). F, Correlation between the percentages of Tregs and IFN-γ+ cells in BM cells (linear 687 

regression). G, Activated, suppressive Tregs (CD45RA-CD25highFOXP3+ cells) within the 688 

CD3+CD4+CD25+CD127low/- Treg population, expressed as a percentage of CD4+ cells, in BM cells 689 

of healthy donors (n=5) and in IFN-γhigh (n=4) and IFN-γlow (n=7) samples (mean ± SEM; 690 

*P=0.008, **P=0.041; one-way ANOVA, Tukey comparison).  691 

 692 
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Figure 4 697 

 698 
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Figure 4. IFN-γhigh AML cells mold the MSC transcriptome towards an immunosuppressive profile. 699 

A, IFN-γ levels in conditioned medium from co-cultures of MSCs and IFN-γhigh or IFN-γlow cells. 700 

Each dot represents the average of one sample analyzed by immunoassay in triplicate (mean ± SEM 701 

of at least 5 experiments with different samples; *P=0.025; unpaired t test. B, Venn diagram 702 

showing numbers of genes up-regulated and down-regulated in MSCs co-cultured with IFN-γhigh 703 

(n=5) or IFN-γlow (n=4) cells with respect to MSC monocultures (n=5). C, Heatmap of selected 704 

immune response-related genes whose expression in MSCs changed as a result of co-culture with 705 

IFN-γhigh or IFN-γlow cells. Columns report ratios between a co-culture and its related monoculture. 706 

Color scale indicates expression levels relative to the mean for each gene, rescaled on the standard 707 

deviation. Genes are sorted by average linkage hierarchical clustering. D, Representative enplot 708 

from gene set enrichment analysis of immune tolerance signatures in MSCs co-cultured with IFN-709 

γhigh cells. The illustrated pathway (TREG VS T CONV UP) refers to the up-regulation of Treg 710 

differentiation from conventional T cells. NES, normalized enrichment score; q, FDR q value. 711 
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Figure 5 725 

 726 

Figure 5. IFN-γhigh cells induce IDO1 expression in MSCs and increase their capacity to induce 727 

Tregs. A, qRT-PCR analysis of IDO1 gene expression in MSCs cultured for 4 days, alone (taken as 728 

1) or with IFN-γhigh or IFN-γlow cells (mean ± SEM of 5 experiments; *P=0.004, **P=0.005; one-729 

way ANOVA, Bonferroni correction for multiple comparisons). B, Percentage of IDO1+ cells 730 

analyzed by flow cytometry in MSCs cultured for 4 days, alone or with IFN-γhigh or IFN-γlow cells 731 



33 
 

(mean ± SEM of 3 experiments; MSCs vs IFN-γhigh, *P=0.039; MSCs vs IFN-γlow, P=0.581; IFN-732 

γhigh vs IFN-γlow, P=0.082; one-way ANOVA, Bonferroni correction for multiple comparisons). C, 733 

qRT-PCR analysis of IDO1 expression in MSCs cultured for 6 h, alone or with IFN-γhigh cells, in 734 

the absence or presence of an IFN-γ-neutralizing antibody (anti-IFN-γ, 20 μg/ml) (mean ± SEM of 735 

3 experiments; *P<0.001, **P=0.012; one-way ANOVA, Tukey correction). D, Percentages of 736 

Tregs (CD3+CD4+CD25+FOXP3+ T cells, gated on CD4+) in 7-day cultures of PBMCs alone or 737 

with MSCs pre-cultured with IFN-γhigh cells for 4 days, in the absence or presence of 1 mM 1-738 

methyl-DL-tryptophan (mean ± SEM of 6 experiments; *P=0.004; **P=0.002; one-way ANOVA, 739 

Tukey correction). E, Percentage of CD4+CD25+FOXP3+ cells after 7-day cultures of purified 740 

CD4+CD25- T cells, alone or with MSCs pre-cultured for 4 days with IFN-γhigh cells, in the absence 741 

or presence of 1 mM 1-methyl-DL-tryptophan (mean ± SEM of 5 experiments; *P<0.001, ** 742 

P=0.001; one-way ANOVA, Tukey correction). 743 
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Figure 6 753 

 754 

Figure 6. IFN-γ  production by AML cells shapes the BM microenvironment by inducing Tregs in 755 

vivo. Tibia of C57BL/6 mice were injected with C1498 cells transfected with a vector expressing 756 

Ifng-specific or non-specific shRNA (shIFN-γ or control). After 31 days, BM was flushed to obtain 757 

cells for flow cytometry and bone was paraffin-embedded for microscopy. A, Engraftment (31 758 

days) of BM cells expressing GFP (control, n=6; shIFN-γ, n=7; *P=0.011; unpaired t test). B, 759 

Frequencies of Tregs (CD4+CD25+Foxp3+cells) gated on CD4+ cells (control, n=7; shIFN-γ, n=7; 760 

*P<0.001; unpaired t test). C, Immunohistochemistry of IDO1 in BM sections. Magnification ×40. 761 

D, Quantification of IDO1 staining of sections in C. Values are percentages of positive signals (3+ 762 
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and 2+) in five non-overlapping high-power fields (×400) per group; *P<0.001, unpaired t test. E, 763 

Immunofluorescence in BM sections of IDO1 (red, Alexa Fluor 568), SMA–nestin (green, Alexa 764 

Fluor 488), and triple-positive cells (yellow). Blue, nuclei (DAPI). Magnification 40×. 765 

Representative arrowed cells are shown magnified in the inserts. F, CTLA-4+ Tregs expressed as a 766 

percentage of all Tregs (control, n=3; control +IDO1 inhib, n=3; shIFN-γ, n=3; control vs control 767 

+IDO1 inhib, P=0.229; control +IDO1 inhib vs shIFN-γ, P=0.180; control vs shIFN-γ, *P=0.018; 768 

one-way ANOVA, Tukey comparison). Values are mean and SEM in all experiments. 769 

 770 

 771 

 772 

 773 

 774 


