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ABSTRACT
Background  Acute myeloid leukemia (AML) remains a 
very difficult disease to cure due to the persistence of 
leukemic stem cells (LSCs), which are resistant to different 
lines of chemotherapy and are the basis of refractory/
relapsed (R/R) disease in 80% of patients with AML not 
receiving allogeneic transplantation.
Methods  In this study, we showed that the interleukin-1 
receptor accessory protein (IL-1RAP) protein is 
overexpressed on the cell surface of LSCs in all subtypes 
of AML and confirmed it as an interesting and promising 
target in AML compared with the most common potential 
AML targets, since it is not expressed by the normal 
hematopoietic stem cell. After establishing the proof of 
concept for the efficacy of chimeric antigen receptor (CAR) 
T-cells targeting IL-1RAP in chronic myeloid leukemia, we 
hypothesized that third-generation IL-1RAP CAR T-cells 
could eliminate AML LSCs, where the medical need is not 
covered.
Results  We first demonstrated that IL-1RAP CAR T-cells 
can be produced from AML T-cells at the time of diagnosis 
and at relapse. In vitro and in vivo, we showed the 
effectiveness of IL-1RAP CAR T-cells against AML cell lines 
expressing different levels of IL-1RAP and the cytotoxicity 
of autologous IL-1RAP CAR T-cells against primary cells 
from patients with AML at diagnosis or at relapse. In 
patient-derived relapsed AML xenograft models, we 
confirmed that IL-1RAP CAR T-cells are able to circulate 
in peripheral blood and to migrate in the bone marrow 
and spleen, are cytotoxic against primary AML cells and 
increased overall survival.
Conclusion  In conclusion, our preclinical results suggest 
that IL-1RAP CAR T-based adoptive therapy could be a 
promising strategy in AML treatment and it warrants the 
clinical investigation of this CAR T-cell therapy.

INTRODUCTION
Despite several successive improvement in 
treatment, acute myeloid leukemia (AML), a 

hematological malignancy of leukemic stem 
cells,1 remains difficult to treat and to cure.2

The current conventional initial ‘7+3’ treat-
ment consists of an induction phase with 
high doses of cytarabine and anthracycline 
(daunorubicin) chemotherapy followed by 
a consolidation phase of chemotherapy or 
allogenic stem cell transplantation (SCT) for 
high-risk patients. With the knowledge of the 
molecular mutation landscape of AML leuke-
mogenesis, other targeted therapy options 
have emerged with lower toxicity, such as 
Fms-like tyrosine kinase 3 (FLT3) inhibitors 
like midostaurin and gilteritinib, the isoci-
trate dehydrogenase 1/2(IDH1/2) mutant 
inhibitors ivosidenib and enasidenib, and the 
BCL2 inhibitor venetoclax in combination 
with hypomethylating agents.3

Immunotherapy targeting leukemia-
specific AML antigens has been explored to 
improve the outcome of patients with AML, 

KEY MESSAGES
	⇒ Unmet medical needs remain in the acute myeloid 
leukemia (AML) treatment landscape, because of 
heterogeneity of the disease and because of lack 
of well-characterized, truly tumor-specific surface 
antigens.

	⇒ Interleukin-1 receptor accessory protein (IL-1RAP) 
is a cell surface expressed by AML leukemic hema-
topoietic stem cells and primary blasts and poorly 
expressed by healthy tissues and thus might be an 
interesting target for cell immunotherapies.

	⇒ Our preclinical data demonstrated that a therapeutic 
chimeric antigen receptor T-cells IL-1RAP, secure by 
a safety suicide switch, may be an interesting novel 
option for the treatment of patients with refractory/
relapsed AML.
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such as conjugated monoclonal antibodies (CD33-GO, 
gemtuzumab ozogamicin, and antibodies targeting 
CD44, CD123 or CD47),4 bispecific T-cell engager 
(BiTE) antibodies (targeting CD3/CD33 or CD3/
CD123), and immune checkpoint inhibitors (targeting 
programmed cell death protein 1 (PD-1)/programmed 
cell death ligand 1, anti-T-cell immunoglobulin and 
mucin containing protein-3 (TIM-3), and anti-cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4).5

Since SCT is not suitable for every patient with AML 
and based on the success and subsequent approval of 
cellular gene therapy CD19-targeted immunothera-
pies,6 these technologies, particularly chimeric antigen 
receptor (CAR) T-cells, are being translated into robust 
anti-AML therapies for refractory/relapsed (R/R) 
patients.7 Several AML cell surface targets have been 
explored, like CD33, CD123, CD44v6, CLL-1, and 
B7H68; however, they have potential toxicities due to 
their frequent expression on healthy hematopoietic 
stem cells (HSCs) or progenitors9 and can lead to abla-
tion of all myeloid progeny, thus requiring investigation 
of other targets.

Interleukin receptor accessory protein (IL-1RAP) forms 
a complex with the IL-1α, IL-1β, and IL-33 receptors on 
the surface of hematopoietic cells. The IL-1RAP protein 
has been shown to be overexpressed on the surface of 
leukemic stem cells (LSCs) of AML, myelodysplastic 
syndrome and chronic myeloid leukemia (CML) but not 
on normal HSCs10 11 and to be an interesting minimal 
residual disease markers.12 In a previous work, we have 
confirmed absence of IL-1RAP detection of normal HSC, 
and functionally, we have shown, in vitro, by colony-
forming cell assay and in vivo using an immunosafety 
cord blood engrafted murine model, that autologous 
IL-1RAP cocultured with HSC or infused in mice with 
partial human hematopoiesis do not target normal HSC 
and thus do not affect hematopoiesis recovery, except 
lower recovery of monocytes.13 It is a proinflammatory 
protein that has an oncogenic effect in AML via the FLT3 
and C-kit pathways14 that promotes leukemic prolifera-
tion over normal hematopoiesis15 and has been shown to 
be related to some solid tumors.16

Currently, IL-1RAP is targeted only by monoclonal anti-
bodies,17–19 which are still under clinical evaluation (​Clin-
icalTrials.​gov: NCT03267316 and NCT04452214) in solid 
tumors.20 The goals of such antibodies are to block the 
interaction with the IL-1 receptor, impair tumor progres-
sion, and enhance antibody-dependent cellular cytotox-
icity by recruiting natural killer (NK) cells. In both cases, 
the antibodies did not generate a persistent memory 
effect compared with CAR T-cells.

Based on our previous work demonstrating the proof 
of concept that third-generation IL-1RAP CAR T-cells13 21 
are an interesting and robust immunotherapy approach 
in CML that does not affect healthy HSCs, in this work, we 
evaluated this innovative cell immunotherapy in AML to 
demonstrate its feasibility for a future first phase I clinical 
trial.

METHODS
Additional details of the materials and methods section 
are available in the online supplemental methods.

Transcriptomic and RNA-sequencing in silico analysis
Gene expression profiling was performed using Human 
Genome U133 Plus 2.0 arrays (Affymetrix/ThermoFisher, 
Santa Clara, California, USA), as previously described.22 
A total of 244 acute leukemia samples were subjected to 
transcriptomic analysis, among which 74 AML samples 
included different French-American-British subtypes: 28 
AML0, 11 AML1, 17 AML2 including t(8;21), 12 AML4 
including t(inv16), 6 AML5, 60 T-ALL, 24 B-ALL, and 
13 blastic plasmacytoid dendritic cell neoplasm samples. 
Gene expression intensity values were log-transformed 
and normalized using the robust multiarray average algo-
rithm with DNA-Chip Analyzer DCHIP software.23 Gene 
expression data from 32 peripheral blood (PB) samples 
from healthy donors available in the Gene Expression 
Omnibus (GEO) database were included.

Raw RNA-sequencing data of sorted normal bone 
marrow (BM) and peripheral blood mononuclear cells 
(PBMCs) (n=49 samples from 9 healthy donors) and 
leukemic BM cells (n=32 samples from 12 patients with 
AML) were retrieved from the NCBI GEO portal under 
the accession number GSE74246.24 Statistical analysis was 
performed using R software V.3.6.0 (see online supple-
mental methods).

Tumor cell lines, primary AML cells, and patient sample 
collection
The human AML tumor cell lines Molm-13 (ACC-554), 
HL-60 (CCL-240), EOL-1 (ACC-386), HEL (ACC-11), 
Mono-Mac-6 (ACC-124), THP-1 (TIB-202), and Ma9RAS 
(MLL/AF9), the CML cell lines KU812 (CRL-2099) and 
K562 (CCL-243), and the human embryonic kidney 
epithelial cell line 239T (CRL-3216) were obtained from 
ATCC and stored in a master cell bank. Cells derived 
from working cell banks were used for the present study. 
PBMCs were isolated by Ficoll gradient density centrifu-
gation using Ficoll-Paque (Velizy-Villacoublay, France) 
from anonymous blood samples collected from healthy 
donors at a French blood center (Besançon, France). 
Cord Blood CD34+ cells were purchased from Lympho-
bank Besançon, France. AML primary cell collection 
from patients with AML was performed at the time of 
diagnosis.

Determination of IL-1RAP mRNA expression, western blot 
analysis, and determination of the number of IL-1RAP 
antigenic sites
Relative IL-1RAP mRNA expression was determined 
by real-time quantitative reverse transcription-PCR 
(RT-QRT-PCR)) using the Hs_00895050_m1 TaqMan 
qPCR gene expression assay (Thermo Fisher Scientific, 
Illkirch-Graffenstaden, France) targeting the mRNA 
variant codon for the intracellular domain of the cell 
surface protein. IL-1RAP protein expression analysis was 
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performed by western blot analysis on AML cell lines 
(5×106 cells) using our own primary antibody targeting 
IL-1RAP (#A3C3 monoclonal antibody (mAb); BL-43, 
Diaclone, France; (diluted 1000×) and an antibody 
targeting β-actin (clone AC15, #A5441, Sigma-Aldrich, 
St Louis, Missouri, USA) (diluted 1000×) as an internal 
loading control.

The number of IL-1RAP antigenic sites in AML cell 
lines and primary cells from 30 patients with AML (FILO 
collection) was determined by flow cytometry (FCM) 
using the #A3C3 mAb and an antimouse IgG-1 mAb 
according to manufacturer’s recommendations (CELL-
QUANT Calibrator, Biocytex, Marseille, France)

Production of lentiviral constructs supernatant and genetically 
modified CAR T-cells
The CAR construct and the self-inactivating lentiviral 
(LV) vector have been previously described.13 Briefly, 
the extracellular receptor domain, derived from the 
IL-1RAP mAb (#A3C3), is linked to a third-generation 
intracellular T-cell activating domain (CD28/4-1BB/
CD3ζ). The vector (online supplemental figure S1A) 
also carries a safety switch consisting of a suicide gene 
(inducible caspase 9 (iCASP9) and a truncated CD19 
gene (∆CD19) encoding the cell surface marker). LV 
supernatant was harvested from tritransfected 293 T-cells 
(pMDG, pPAX2, and transgene plasmids) (online supple-
mental figure S1B). Cells taken from healthy donor or 
AML patient samples, after initial T-cell selection and 
activation using anti-CD3/CD28 magnetic beads and 
IL-2, were transduced with either IL-1RAP CAR or mock 
(controls, lacking the CAR sequence) LV supernatant. 
After 6 days, genetically modified CD3+/CD19+ T cells 
were evaluated by FCM and expanded for 9 days. All over 
this work, control cells prepared from the same respective 
donor or patient are either CD3/CD28 beads activated/
untransduced/9 days cultured (C0) or CD3/CD28 beads 
activated/Mock-transduced/9 days Co (MockT-cells).

Flow cytometry immunophenotyping
Patient primary AML cell immunophenotyping was 
performed using a panel of mAbs targeting human CD45, 
CD34 (stem cells), CD38 (progenitor cells), CD33 (AML 
blasts), CD14 (monocytes), and CD123 (AML blasts), 
including our own murine FITC-labeled IL-1RAP mAb 
(#A3C3, clone BL-43, from which the CAR was derived) 
and/or #H6E11 (clone BR-58; Diaclone, Besançon, 
France). Transduced T-cells were stained using both 
anti-CD3 and anti-CD19 antibodies. T lymphocytes from 
patients with AML were stained using an immunopheno-
typing panel containing mAbs targeting CD3, CD8, CCR7, 
and CD95 and a checkpoint inhibitor panel containing 
mAbs targeting Programmed cell Death protein 1 (PD-
1), Lymphocyte-activation gene 3 (LAG-3), and T-cell 
immunoglobulin and mucin containing protein-3 (TIM-
3). Stained cells were collected by a CANTO II cytometer 
(BD Biosciences, Le Pont-de-Claix, France) or an LSR 
Fortessa flow cytometer and analyzed using DIVA software 

(BD Biosciences). Suitable matched isotype controls were 
used for analysis. The relative fluorescence intensity ratio 
(RFI) was calculated by dividing the mean fluorescence 
intensity (MFI) of IL-1RAP staining by that of the isotype 
control mAb. Cells were considered positive for IL-1RAP 
expression at an RFI >1. The mAbs used for phenotyping, 
intracellular staining, cytometry, and other cytometry 
reagents are described in online supplemental table S1.

In vitro cellular analysis: cell activation, interferon-γ 
intracellular expression, and cytotoxicity analysis
IL-1RAP CAR T-cells were cocultured with target tumor 
cells (AML cell lines or primary AML blasts) overnight at 
an effector:target (E:T) ratio of 1:5 for the detection of 
interferon (IFN)-γ intracellular expression. An IL-1RAP 
CAR T-cell proliferation assay was performed after 3 days 
of coculture (E:T ratio=1:3) and assessed by FCM after 
V450 e-Fluor staining. The cytotoxicity of IL-1RAP CAR 
T-cells against AML leukemic cells was assessed after incu-
bation for 24 hours at different E:T ratios by FCM using 
trucount Absolute Counting tubes (BD Biosciences). Cell 
death was evaluated by 7-amino actinomycin D (7-AAD+) 
labeling. Effector cells were distinguished from target 
cells with a previously described V450 e-Fluor labeling 
method. Gating on CD3+/CD19+ cells and on IL-1RAP+ 
cells allowed discrimination of CAR T-cells from IL-1RAP+ 
tumor AML cells. In the case of allogeneic mismatch, 
alloreactivity was taken into account by subtracting the 
cytotoxicity of untransduced T-cells (C0) or MockT-cells 
at the respective E:T ratio. C0 and MockT-cells were used 
as controls.

Xenograft murine models and patient-derived xenograft 
murine model
In all the manuscript, NSG and NSGS mice were 
used for cell line or patient-derived xenograft (PDX) 
murine model, respectively. NSG mice aged 6–8 weeks 
(Jackson Laboratory, Sacramento, California, USA) 
were sublethally irradiated (250 cGy) on day 4 prior to 
tumor injection. One day later, each mouse was injected 
intravenously with 1×106 HL-60 (IL-1RAPLow), Molm-13 
(IL-1RAPInt), or Mono-Mac-6 (IL-1RAPHigh) luciferase-
expressing AML cells or primary cells from patients with 
AML (taken at diagnosis or relapse). Following AML cell 
engraftment (day 0), mice were treated intravenously 
with MockT-cells or IL-1RAP CAR T-cells (10×106 cells) 
and assessed for leukemia progression on days 3, 5, 10, 
14, 17, and 21 by in vivo bioluminescent imaging or deter-
mination of the percentage of human CD45+/IL-1RAP+ 
cells in mouse blood for the PDX model.

For the in vivo safety switch efficiency study, irradi-
ated (250 cGy, D4) NSG mice were previously injected 
with irradiated Mono-Mac-6 AML cell line (1×10E6/
mice, D3), then 1 day later (D3) with effector T-cells or 
CAR T-cells (1o×10E6/mice). Two days after (D0), mice 
were treated with vehicle (phosphate-buffered saline) or 
AP1903 dimerizer (10 nM), then with Luc+Mono-Mac-6 
AML cell line (1×10E6/mice, D2). Mice were in-vivo 
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Bioluminescence imaging (BLI) monitored, circulating 
CAR T-cells quantified by digital PCR (dPCR) and AML 
circulating cell line analyzed by cytometry.

In the PDX model, at D32 and D71, NSGS mice (triple 
transgenic NSG-SGM3 mice expressing human IL-3, gran-
ulocyte macrophage-colony-stimulating factor and Stem 
Cell Factor (SCF, Jackson Laboratory) were sacrificed, 
and BM or spleen cells were collected and identified 
by FCM staining (hCD45+/CD3−/CD34+). Monitoring 
of CAR T-cells was performed either by FCM early after 
infusion or by sensitive dPCR for long-term monitoring 
and for distribution within solid organs, as previously 
described.25 CAR T-cells effector/memory phenotype 
was assessed by the expression of CD95/CCR7 among 
CD45RO+/CD45RA− or CD45RO−/CD45RA+ cells.

Statistical analysis and graph constructions
The results are expressed as the mean (minimum–
maximum) for MFI and RFI ratio and as the mean±SD for 
all other results. All statistical analyses in this study were 
performed using GraphPad Prism V.7 (GraphPad Soft-
ware, San Diego, California, USA). Comparisons between 
two groups were assessed by analysis of variance and 
t-tests. A p value <0.05 was considered statistically signif-
icant. Other analyses were performed with Anaconda 
and R software. Some data were plotted with R using the 
ggplot2 and ggnewscale packages. The code is available 
on request from the authors.

RESULTS
IL-1RAP expressed at cell surface of AML primary blasts is a 
promising marker for immunotherapy approaches
In silico analysis of IL-1RAP expression was performed 
with a public dataset of 81 samples of sorted BM and PB 
cells from 9 healthy donors and 12 high-risk patients with 
AML.24 First, IL-1RAP mRNA expression was compared 
with that of the other current AML cell surface targets 
in ongoing CAR T-cell studies.26 Differential gene expres-
sion analysis between AML cells (LSCs or blasts) and 
normal hematopoietic progenitor and stem cells revealed 
significant overexpression of IL-1RAP in LSCs and blasts 
(fold changes of 21.7 and 15, respectively), with a signif-
icant false discovery rate-adjusted p value (~1.10E-20). 
The IL-1RAP marker was highly discriminatory compared 
with common AML cell surface targets, such as TIM-3, 
CLEC12A (CLL-1), IL3RA (CD123), MICA/MICB 
(NKG2DL), CD44, CD33, and FLT3 (figure 1A).

As reported in figure  1B, comparison of IL-1RAP 
expression between total normal PB/BM and AML cells 
clearly showed a higher level in blasts and LSCs. Impor-
tantly, IL-1RAP is not expressed in B, T (CD4+ or CD8+) 
or NK cells but is known to be expressed in monocyte PB 
subpopulations. In addition, all BM progenitor subpopu-
lations expressed IL-1RAP mRNA at very low level, inferior 
to those of monocytes. Using TCGA AML cohort (n=139), 
we did not find statistical differences between European 
LeukemiaNet (ELN) 2017 prognosis classification groups 

as well as regarding the karyotype subgroups classifica-
tion (online supplemental figure S2A). Interestingly, we 
found that a high IL-1RAP mRNA expression was associ-
ated with a trend of poor disease-free survival (DFS (low 
vs high expression): 65.1% vs 49.9% and 46.6% vs 35.3%, 
respectively at 12 and 24 months, median 12.1 vs 20.8 
months, p=0.066) and significant overall survival (OS 
(low vs high expression): 63.2% vs 50.8% and 51.7% vs 
38.4%, respectively at 12 and 24 months, median: 14.5 vs 
25.8 months, p=0.036) (figure 1C).

This association stood significant in a multivariate Cox 
model using age and ELN 2017 group as confounding vari-
ables (HR 1.60 for high vs low IL1-RAP expression level for 
both DFS and OS, p value=0.037 and 0.014, respectively) 
(online supplemental figure S3B). Finally, Affymetrix tran-
scriptional profiling of the IL-1RAP mRNA encoding the 
membrane expressed isoform (mRNA variant 1) showed that 
it was overexpressed in all AML FAB subtypes compared with 
the soluble IL-1RAP isoform (variant 5) (figure 1D).

Il-1RAP is expressed at various levels on the cell surface of 
AML cell lines and primary AML cells
By RT-qPCR, we detected mRNA in different AML cell lines 
(n=6) (online supplemental figure S3A). IL1-RAP protein 
was also detected by western blot analysis in different AML 
cell lines (figure 2A). Cell surface expression at various levels 
was identified in seven AML cell lines (2<RFI<4.3) (figure 2B) 
as well as in primary AML blasts and LSCs (1.8<RFI<3.6, 
n=30), while it was, as expected expressed on monocytes 
from patients with AML (1.6<RFI<2.3, n=30) (figure  2C). 
No expression of IL-1RAP was detected on normal hemato-
poietic cells and normal monocytes. Clinical informations of 
patients with AML are provided in online supplemental table 
2. Absolute quantification of the number of IL-1RAP antigen 
sites confirmed the different levels of expression in different 
antigen cell lines (n=7) (online supplemental figure S3B) 
as well as in primary AML blasts (n=11) (figure 2D,E). The 
absolute number of IL-1RAP antigen sites was not statistically 
different according to ELN group (figure  2F). To model 
IL-1RAP cell surface expression for further analysis, we classi-
fied three AML cell lines regarding antigen sites amount and 
defined them as ‘low (HL-60)’, ‘intermediate (int) (Molm-
13)’, and ‘high (Mono-Mac-6)’ IL-1RAP expressers.

Efficient generation of IL-1RAP CAR T-cells from T-cells taken 
from patients with AML at either diagnosis or relapse
Using our LV vector,13 we were able to efficiently trans-
duce T-cells from healthy donors with either the mock 
(75.29%±22.7%) or IL-1RAP CAR (74.06%±16.48%) T-cell 
supernatant (n=24). More interestingly, T-cells from patients 
with AML taken either at diagnosis (D) or at the time of 
relapse (R/R) could be transduced with high efficiency 
(90.4%±6.58% and 88.1%±9.28%, respectively, for mock or 
IL-1RAP CAR T-cell supernatant, n=12) without noticeable 
differences from T-cells from healthy donors and between 
between D and R/R AML samples (figure 3A). We then iden-
tified the ratio of CD4+ and CD8+ cells before CAR T-cell 
production (D0) and at the end of the process (D9) using 
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either IL-2 or IL-7/IL-15 as cytokines in the culture medium. 
As reported in figure 3B, similar to IL-1RAP CAR T-cells from 
healthy donors, IL-1RAP CAR T-cells produced from patients 
with AML conserved the CD4+/CD8+ ratio during the 
culture. Ultimately, the IL-1RAP CAR T-cells (either CD4+ or 
CD8+) produced from T-cells taken from patients with AML 
(D or R/R) showed the same profile of memory phenotype 
that was observed with T-cells taken from healthy donors with 
a conservation of this phenotype during culture with either 
IL-2 or IL-7/IL-15 (figure 3C and online supplemental figure 
S4 for gating strategy).

IL-1RAP CAR T-cells are able to specifically proliferate, 
secrete IFN-γ, and kill AML cell lines independent of IL-1RAP 
cell surface expression levels
The HL-60 (IL-1RAPLow), Molm-13 (IL-1RAPInt), and 
Mono-Mac-6 (IL-1RAPHigh) IL-1RAP+ AML cell lines 
expressing respectively 1258, 7156, and 14 267 antigen 
sites at their cell surface were used for in vitro and in vivo 
functional analysis. For the proliferation test, IL-1RAP 
CAR T-cells were cocultured for 3 days with the three 
AML cell lines at a 1:3 E:T ratio. Compared with culture 
in medium only, we demonstrated that 71.5%±18.09%, 
81.58%±6.4%, and 80.3%±15.3% IL-1RAP CAR T-cells 
divided when cultured with respectively the low, int, and 
high IL-1RAP cell surface expression cell lines (n=4), 

Figure 1  In silico analysis of IL-1RAP mRNA expression in an AML public database and Affymetrix gene expression profiling. 
(A) Volcano plot showing differentially expressed genes in AML LSCs compared with normal HSCs. Light green or red dots 
represent significant AML markers. The fold change is presented on the x-axis (expressed as log2), and the p value (expressed 
as the –log10 adjusted p value) is presented on the y-axis. Genes with log2 fold change > |1| and adjusted p value <0.05 and 
with log2 mean expression > −5 were tagged as significant. (B) IL-1RAP gene expression (expressed as the log2 TPM +1 value, 
a standard unit used in RNA-sequencing analysis corresponding to log-transformed TPM. TPM are often log-transformed to 
normalize their distributions, and 1 count is added to handle 0 values) averaged over the replicates of each sample across AML 
blasts and LSCs compared with normal peripheral blood or bone marrow cells. (C) DFS and OS of intensively treated patients 
with AML from the TCGA cohort (n=139) according to IL-1RAP expression (high or low; divided at the median). Univariate 
analysis with Kaplan-Meier survival estimates showed worse OS with a tendency for worse DFS with high IL-1RAP expression. 
(D) Transcriptome analysis of the IL-1RAP mRNA transcripts encoding the cell surface (m) and soluble (s) IL-1RAP isoforms 
in patients with AML classified according to FAB classification. CD123 mRNA expression is given for comparison. ALL, acute 
lymphoid leukemia; AUI is, Aarbitrary Uunit Iintensity of Ffluorescence; BPDCN, blastic plasmacytoid dendritic cell neoplasm; 
CLP, common lymphoid progenitor; CMP, common myeloid progenitor; DFS, disease-free survival; Ery, erythroid progenitor; 
GMP, granulocyte macrophage progenitor; HSC, hematopoietic stem cell; IL-1RAP, interleukin-1 receptor accessory protein; 
LMPP, lymphoid-primed multipotent progenitor; LSC, leukemic stem cell; MEP, megakaryocyte/erythrocyte progenitor; MPP, 
multipotent progenitor; NK, natural killer; OS, overall survival; pHSC, hematopoietic stem cell progenitor; TPM, transcript per 
million.
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independently of the IL-1RAP expression level. These 
results were significantly different from those achieved 
with coculture of IL-1RAP– targets or with coculture of 
IL-1RAP+ targets with untransduced T-cells (C0) or 
MockT-cells (figure  4A,B). Similarly, in the presence of 
IL-1RAP-positive targets, CD4+ (27.23%±7.5% (low), 
41.63%±12.2% (int), and 58.25%±12.9% (high)) or 
CD8+ (26.8%±6.7% (low), 38.73%±3.7% (int), and 
71.75%±17.2% (high)) cells are able to express IFN-γ 
(figure  4C and online supplemental figure S5A for 
gating strategy). Finally, IL-1RAP CAR T-cell cytotoxicity 
was evaluated at different E:T ratios against the three 
AML cell lines and the negative IL-1RAP cell line K562. 
After coculture, at a high E:T ratio=10:1, in contrast to 
MockT-cells or IL-1RAP CAR T-cells that were unable to 

kill negative control IL-1RAP- K562 cells (10.5%±1.3%), 
IL-1RAP CAR T-cells were able to statistically eliminate 
positive control CML KU812 IL-1RAP+ cells (99%±0.1%) 
and all AML cell lines ((95.3%±1.52% (low); 99%±0.1% 
(int); 99.3%±0.57% (high), p<0.001, n=3). This is also 
true for lower E:T ratio until 1:2 (p<0.001) and until 1:16 
(p<0.01) (figure 4D and online supplemental figure S5B 
for gating strategy).

IL-1RAP CAR T-cells target AML CD34+ HSC but do not affect 
healthy CD34+ HSC and healthy tissues harvested at the 
periphery of some solid tumors
We have previously shown in vivo and in vitro that 
IL-1RAP CAR T-cells do not affect healthy HSC. We 
reported now in the context of AML that CD34+ healthy 

Figure 2  Expression of the IL-1RAP protein in AML primary blasts. (A) Western blot analysis of IL-1RAP in different AML cell 
lines and monocyte subpopulations derived from sorted primary CD14+ cells. The membrane was hybridized with the #A3C3 IL-
1RAP mAb. The membrane isoform of IL-1RAP was detected at the expected size (72 kDa). Protein load was assessed by actin 
detection at 43 kDa. The K562 and KU812 cell lines served as negative and positive controls, respectively. (B) Flow cytometry 
detection of IL-1RAP cell surface expression (blue histogram) compared with that of the IgG-1 isotype (gray histogram). The 
calculated RFI is provided. (C) Representative gating strategies for primary AML blasts (CD45+/CD14−/CD33+ or CD33−) 
and monocytes (CD45+/CD14+/CD33+) and representative histograms obtain from different AML patients samples, showing 
different IL-1RAP cell surface expression levels (dark gray) on primary blasts (CD14−) and monocytes (CD14+) compared with 
the IgG-1 isotype levels (light gray). The RFI was calculated by comparing the IL-1RAP and isotype signals. (D) Percentages of 
IL-1RAP+ cells and/or CD123+ (y-axis) in AML blasts (PB) and AML LSCs (BM) as well as in CD14+ monocytes in AML patient 
samples (squares, red lines) compared with healthy (circles, blue lines) hematopoietic cells (CD14−) and monocytes (CD14+). 
The percentages of CD123+ and double CD123+/IL-1RAP+ cells are also provided (***p<0.01; ****p<0.001). Percentage of 
cells (y-axis) refers to the population reported in the x-axis, gated as illustrated in C. (E) IL-1RAP and CD123 RFIs in all CD45+/
CD14− AML primary blasts (n=29) regardless of ELN classification. (F) Quantification of the absolute number of total IL-1RAP 
antigen sites per cell present at the surface according to ELN classification using the #A3C3 IL-1RAP monoclonal antibody. 
K562 cells served as a negative control. The Mono-Mac-6 and HEL AML cell lines show high and low IL-1RAP expression, 
respectively. AML, acute myeloid leukemia; BM, bone marrow; IL-1RAP, interleukin-1 receptor accessory protein; LSC, leukemic 
stem cell; mAB, monoclonal antibody; PB, peripheral blood; RFI, relative fluorescence intensity.
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CB HSC (IL-1RAP negative) mixed with CD34+ BM cells 
of patients with AML (IL-1RAP positive) are not targeted 
(2.79±11,2%) by IL-1RAP CAR T-cells in contrast with 
CD34+ AML HSC (66.9%±15.6%), p<0.0001 (****), n=3, 
at E:T=4:1. Is is also true for E:T ratio of 1:1 (p<0.001 
(**) and 2:1 (p<0.0001 (****) (online supplemental 
figure S7). We confirmed also specificity of IL-1RAP CAR 
T-cells by coculturing them with different healthy tissues, 
harvested at the periphery of solid tumors (in an inflam-
matory context suggesting promoting IL-1RAP expres-
sion). As reported in online supplemental figure S8, we 
did not detect any IL-1RAP cell surface expression in 
the dissociated tissues. IL-1RAP CAR T-cells did not show 
degranulation against these healthy tissues.

IL-1RAP CAR T-cells clear AML tumor cell lines, decrease the 
tumor burden, and can be controlled by the safety switch in 
an in vivo xenograft murine model
To test the efficacy of IL-1RAP CAR T-cells in vivo in murine 
xenograft models, we generated three luciferase-positive 

AML cell lines to be injected intravenously into immu-
nodeficient NSG mice (figure  5A). Tumor engraftment 
was confirm by appearance of the first luminescence 
signals before CAR T-cells injection. By bioluminescence 
imaging, we notice the first signs of tumors decrease, 4 
days after CAR T-cells injection in IL-1RAP CAR T-cells-
treated mice compared with untreated mice, whereas AML 
tumors (formed from cells with low, int or high IL-1RAP 
cell surface expression) progressed to very high tumor 
burdens or until mouse death (day 21) in the untreated 
group and group treated with C0T-cells (figure 5A). The 
luminescence measurement confirmed, for all three 
animals models (HL-60 IL-1RAPLow, MOLM-13 IL-1RAPInt, 
MONO-MAC-6 IL-1RAPHigh engrafted mice), a significant 
decrease at day 21 with an average >10e5 p/s/cm2/sr for 
untreated or T-cell-treated mice versus <10e3 p/s/cm2 for 
IL-1RAP CAR T-cell-infused mice (p<0.001, n=3 mice/
group). Taken together, these results show that IL-1RAP 
CAR T-cells efficiently controlled AML cell line growth in 

Figure 3  Production and characterization of IL-1RAP CAR T-cells taken from healthy donors or patients with AML at diagnosis 
or relapse. (A) Generation of mock or IL-1RAP CAR gene-modified T-cells using 30× concentrated supernatant. Upper: 
representative gating strategy after staining with anti-CD19 and anti-CD3 mAbs. Lower: genetically modified T-cells obtained 
from healthy donors (n=24, circles, blue lines) and from patients with AML at diagnosis (n=9, triangles, red lines), or relapse 
(n=3, squares, red lines, hatched column) all from different independent experiments. Transduction efficiency is analyzed at day 
6 out of 9 of the CAR T-cells production process. C0T-cells: CD3/CD28 beads activated/untransduced/9 days cultured. MockT-
cells CD3/CD28 beads activated/Mock-transduced/9 days cultured. (B) Identifying the CD4+/CD8+ ratio of IL-1RAP CAR T-cells 
produced from healthy donors (circles, blue lines) and from samples from patients with AML at diagnosis (triangles, red lines) 
or at time of relapse (squares, red lines, hatched column) and cultured in medium with IL-2 or IL-7/IL-15 cytokines. (C) Effector 
(TE) (CD95+/CCR7−)/memory (TM) (CD95+/CCR7+) phenotyping perform at day 9 of CAR T-cells (CD4+ or CD8+) generated 
from T-cells (day 0, starting material) taken from healthy donors (circles, blue lines) or from patients with AML at diagnosis 
(triangles, red lines) or at relapse (squares, red lines, hatched column) and cultured in medium with IL-2 or IL-7/IL-15 (*p<0.01, 
**p<0.01). The results are presented as the mean±SD. AML, acute myeloid leukemia; CAR, chimeric antigen receptor; IL-1RAP, 
interleukin-1 receptor accessory protein; mAB, monoclonal antibody.
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vivo (figure 5B), although more partially for MOLM-13 
AML cell line (IL-1RAP int). We also confirm, in an in 
vivo murine model (online supplemental figure S8A), in 
the context of AML, that the activation of the safety switch 
iCASP9/AP1903 allows controlling circulating IL-1RAP 
CAR T-cells (online supplemental figure S8B-E).

IL-1RAP CAR T-cells generated from healthy donors or 
patients with AML (D or R/R) are efficient against primary 
AML cells (taken from patients at D or R/R)
We then produced IL-1RAP CAR T-cells from PBMCs of 
healthy donors or harvested from patients with AML at the 
time of diagnosis or at the time of relapse. At the end of 

Figure 4  In vitro proliferation assay, determination of the IFN-γ expression and cytotoxicity of IL-1RAP CAR T-cells following 
coculture with AML cell lines. (A) Cytometry histograms of a representative experiment. C0T-cells (CD3/CD28 beads activated/
untransduced/9 days cultured) and MockT-cells (CD3/CD28 beads activated/Mock-transduced/9 days cultured) were used 
as controls. T-cells were transduced with either mock (controls for transduced cells) or the IL-1RAP CAR were labeled with 
eFluor 450 diluted at 1:1000 and cocultured (72 hours at an E:T ratio of 3) or not with three AML cell lines with different levels 
(antigen sites/cells: 1258, 7156, and 14,267, respectively for HL-60 (low), Molm-13 (intermediate) and Mono-Mac-6 (high)) of 
IL-1RAP cell surface expression. The K562 and KU812 cell lines were used as targets and respectively as negative and positive 
IL-1RAP expressers. The gating strategy (doublets/living cells/CD19/CD3/eFluor) allows discriminating effectors (MockT-cells 
or IL-1RAP CAR T-cells) from target cells. Dilution of the eFluor level enabled estimation of effector cell division and thus 
proliferation after contact with target cells (dark blue histogram), which was compared with the division and proliferation of 
cells cultured without target cells (light blue histogram). The percentage of eFLuor450 cells, which represent the cells that have 
undergone one or more rounds of division, compared with cells cultured in medium only. (B) Percentage of proliferative IL-
1RAP CAR T-cells. Mean±SD of four independent experiments. (C) Intracellular IFN-γ analysis by flow cytometry of CD8 (CD3+/
CD8+) or CD4 (strictly CD3+/CD8−) subpopulations of UnT-cells, MockT-cells and IL-1RAP CAR T-cells cocultured overnight 
with AML cell lines with various levels of IL-1RAP cell surface expression at an E:T ratio of 1:5. Cultures with medium alone 
and with PMA/ionomycin were used as negative and positive controls, respectively. The K562 and KU812 cell lines were used 
as targets and as negative and positive IL-1RAP expressers, respectively. Percentage of intracellular IFN-γ (relative to PMA/
ionomycin) expressed by stimulated CD8+ and CD4+ (CD8−) IL-1RAP CAR T-cells in response to the IL-1RAP antigen (lower) is 
provided. Mean±SD of n=4 independent experiments. (D) C0T-cells, MockT-cells and IL-1RAP CAR T-cells generated by genetic 
modification of healthy donor PBMCs were cultured at different E:T ratios for 24 hours, with target AML cell lines expressing 
different levels of IL-1RAP. The K562 and KU812 cell lines were used as targets and as negative and positive IL-1RAP 
expressers, respectively. Viable cells were gated based on 7-AAD labeling via flow cytometry, and T-cells were distinguished 
from tumor cells by eFluor labeling. The percentage of remaining tumor cells within the eFluor-negative gate is provided. 
Percentage of living cells within the tumor cell population after coculture at different E:T ratios with MockT-cells (blue circle, 
dotted line) or IL-1RAP CAR T-cells (red square, dotted line) is provided. The results are from n=3 independent experiments. 
Solid lines (blue or red) represent coculture with IL-1RAP+ or IL-1RAP− targets. **P<0.01; ***p<0.001. 7-AAD, 7-amino 
actinomycin D; AML, acute myeloid leukemia; CAR, chimeric antigen receptor; E:T, effector:target; IL-1RAP, interleukin-1 
receptor accessory protein; IFN, interferon; PBMC, peripheral blood mononuclear cell; PMA, phorbol myristate acetate.
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the production process, characterization of the IL-1RAP 
CAR T-cells produced from patients with AML showed 
that they acquired the expression of exhaustion markers 
such as PD-1, TIM-3, and LAG-3 (online supplemental 
figure S9 for gating and online supplemental figure S10). 
We evaluated the ability of allogeneic (from a donor or 

a patient with AML) or autologous (from a patient with 
AML) CAR T-cells (figure 6A) to kill primary AML blasts 
(taken at diagnosis or relapse) after 24 hours of coculture 
at different E:T ratios (0:1, 1:2, 1:1, 3:1, 5:1, and 10:1). As 
reported in figure 6B, we confirmed that IL-1RAP CAR 
T-cells prepared from healthy donor T-cells were able to 

Figure 5  In vivo cytotoxicity of IL-1RAP CAR T-cells against AML cell lines in an AML xenograft NSG mouse model. (A) 
Synospis of the murine experiment is provided. NSG mice aged 6–8 weeks were irradiated at a dose of 250 cGy (n=3/group) 
before tail vein (intravenous) injection of 1×106 HL-60, Molm-13, or Mono-Mac-6 luciferase+/IL-RAP+ cells (which have low, 
intermediate, and high expression of IL-RAP, respectively). After tumor engraftment, confirmed by appearance of the first 
luminescence signals (D0), 10×106 T-cells or IL-1RAP CAR T-cells were intravenously injected. Mice engrafted with AML tumor 
cell lines but not treated or treated with C0T-cells as controls. C0T-cells: CD3/CD28 beads activated/untransduced/9 days 
cultured. (B) BLI was performed until the tumor load was too high or the mice died (X) in the control groups. The radiance of 
the in vivo bioluminescent signal (radiance p/s/cm2/sr) collected using the IVIS Illumina III (Perkin Elmer) is shown. (▶) and 
(▶) indicates respectively the time of AML tumor cell lines and effectors (controls T-cells or CAR T-cell) injection. **P<0.01; 
***p<0.001. AML, acute myeloid leukemia; CAR, chimeric antigen receptor; IL-1RAP, interleukin-1 receptor accessory protein.
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effectively kill primary AML blasts extracted at diagnosis 
or relapse at as low as a 1:1 E:T ratio. Moreover, IL-1RAP 
CAR T-cells produced from T-cells taken from patients 
with AML at D or after relapse were also cytotoxic against 
primary AML blasts in allogeneic and autologous settings 
also at a low E:T ratio of 1:1. Finally, autologous IL-1RAP 
CAR T-cells produced from PBMCs taken from a patient 
with relapsed AML (patient #7, figure  6A, boxed) with 
FLT3+/NPM1+/CD33+ disease (following several lines 
of treatment: chemotherapy, midostaurin, CD33-GO, 
sorafenib, and quizartinib) eliminated primary AML 
blasts taken at relapse at as low as a 1:2 (76% of blasts vs 
14.6% elimination respectively for IL-1RAP CAR T-cells 
and MockT-cells, p<0.01) to 10:1 (94.7% blasts elimina-
tion vs 15%, respectively for IL-1RAP CAR T-cells and 
MockT-cells, p<0.001) E:T ratios. Hence, CAR T-cells 

obtained from HDs or newly diagnosed or even patients 
with R/R AML had comparable cytotoxic effects in elim-
inating AML targets in autologous or allogenic settings. 
We also demonstrate, after determination of the mean 
value of soluble IL-1RAP protein in patients with AML 
plasma (D or R/R) (online supplemental figure S11A), 
that in vitro IL-1RAP CAR T-cells cytotoxicity against 
AML cell line is not affected by the soluble form (online 
supplemental figure S11B).

R/R primary AML blasts are targeted in BM and successfully 
eliminated by IL-1RAP CAR T-cells in an in vivo AML PDX murine 
model
The cytotoxicity of healthy donor IL-1RAP CAR T-cells 
against R/R patient primary AML cells in vitro was next 
confirmed in an AML PDX murine model (figure  7A). 

Figure 6  IL-1RAP CAR T-cells are cytotoxic against AML primary cells taken from patients at diagnosis or at relapse in vitro 
and in vivo in an AML PDX NSGS mouse model. (A) Primary AML blasts taken from patients at diagnosis or relapse were 
cocultured at different E:T ratios with effector T-cells (untransduced (UnT and C0) or transduced with mock or the CAR lentiviral 
vector) harvested from healthy donors or patients with AML at diagnosis or relapse. (*) Patient with R/R AML previously treated 
by several lines of treatment as chemotherapy, midostaurin, CD33-GO, sorafenib, and quizartinib. Percentage alloreactivity 
was accounted by subtracting the unstransduced T-cell (C0T-cells: CD3/CD28 beads activated/untransduced/9 days cultured). 
Coculture value for all cytotoxicity tests in allogeneic settings. MockT-cells: CD3/CD28 beads activated/Mock-transduced/9 
days cultured. The absolute number of events within the AML tumor cell gate is provided. (B) Gating strategy for discrimination 
of effector T-cells (cells stained with eFluor) from primary AML blasts (human CD34+ cells). (C) The percentages of viable 
CD34+/IL-1RAP+ cells after coculture with MockT-cells (blue line) or IL-1RAP CAR T-cells (red line) for n=6 independent 
donor: patient combinations are also reported. Solid lines represent coculture of effector T-cells (mock or IL-1RAP CAR T-
cells) generated from PBMCs taken from a patient with AML at the time of relapse with the same patient’s own R/R primary 
AML blasts. Solid blue line and dotted red line with both symbol (*) distinguished the combination (#6 boxed) of autologous 
IL-1RAP CAR T-cells produced from T-cells at relapse against their respective R/R AML primary blasts. Percentage of living 
cells was calculated from absolute cell count using trucount tubes as followed: (absolute number of target cells after coculture 
with CAR T-cells or MockT-cells)/(absolute number of target cells after coculture with T-cells)×100. **P<0.01; ***p<0.001. AML, 
acute myeloid leukemia; CAR, chimeric antigen receptor; E:T, effector:target; IL-1RAP, interleukin-1 receptor accessory protein; 
PBMC, peripheral blood mononuclear cell; PDX, patient-derived xenograft; R/R, refractory/relapsed.
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Figure 7  IL-1RAP CAR T-cells are cytotoxic against AML primary cells taken from a R/R patient in vivo in an AML PDX NSGS 
mouse model. (A) NSGS mice were injected with either 5×106 (PDX#1 and #2, passage 2) or 1×106 (PDX#3, passage 4) AML 
blasts/mice, taken respectively from diagnosis or patients with R/R AML treated with multiple AML therapies. One week after 
that the first human AML blasts appeared in the PB, the mice were treated with 1×106 CAR T-cells or with untransduced C0T-
cells (CD3/CD28 beads activated/untransduced/9 days cultured). Mice were sacrificed at day 32 (PDX#1, for antileukemic effect 
study) or 71 days (PDX#2, for CAR T-cell persistence and biodistribution analysis) after treatment, and leukemic cells and human 
T-cells (untransduced or CAR-transduced T-cells) levels in PB or harvested organs were monitored. In B–D: left graphs represent 
PDX#1 and right graphs represent PDX#2, representing two different PDXs. (B) Total human blast count (mCD45−/hCD45+/
CD3−) in the BM and the spleen of untreated mice (black bars, triangle, n=3), mice treated with control untransduced C0T-
cells (gray bars, circle, n=4 mice) and mice treated with IL-1RAP CAR T-cells (green bars, square, n=8 mice) quantified by flow 
cytometry (*p<0.05, ***p<0.01, ****p<0.001). Mean±SD. (C) Kaplan-Meier survival curve representing the survival of untreated 
or treated mice with untransduced C0T-cells or CAR T-cells (week 0). Effector cells were infused when patient AML blast cells 
(PDX#3: 1×10E6 cells/mice, passage 4) started to be detectable in PB. Statistical significance was calculated with the Mental-
Cox (log rank) test, **p<0.01. The number of animals is indicated in each groups. (D) Total T lymphocyte counts within the BM, 
spleen and PB assessed by flow cytometry. Mean±SD of four mice. (E) IL-1RAP CAR transgene copies per μg of DNA quantified 
by dPCR (targeting the 4.1BB/CD3z junction) in different types of organs (PCR was performed in duplicate for n=4 mice) 
(****p<0.0001). Negative controls represent quantification on organs from untreated mice. Statistical significance was calculated 
with the Mental-Cox (log rank) test, *p<0.01. Mean±SD of four independent experiments. AML, acute myeloid leukemia; BM, 
bone marrow; CAR, chimeric antigen receptor; CMF, cytometry; dCPR, digital PCR; IL-1RAP, interleukin-1 receptor accessory 
protein; PB, peripheral blood; PDX, patient-derived xenograft; R/R, refractory/relapsed.
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After engraftment of fully refractory AML primary blasts 
and human T-cell treatment (control or IL-1RAP CAR 
T-cells), the experiment was stopped and animal sacri-
ficed for ethic purposes when the tumor burden is too 
high to be supported by animals. We performed FCM 
analysis of AML blasts (online supplemental figure S9 for 
gating strategy) and statistically showed that the number 
of AML primary blasts remained higher in the BM of 
untreated mice than in the BM of mice treated with 
either C0 (p<0.05) or IL-1RAP CAR T-cells (p<0.001). 
Importantly, R/R AML blasts were more effectively elimi-
nated by IL-1RAP CAR T-cells than by C0 T-cells (p<0.01). 
The difference between untreated and C0 T-cells treated 
animals reflects the alloreactivity (figure 7B). In another 
AML PDX murine model, in which primary AML blasts 
harvested at diagnosis from a patient in the favorable 
ELN group (NPM1+ and FLT3wt) were engrafted 3 
months before treatment, we showed a higher OS of PDX 
mice treated with IL-1RAP CAR T-cells (n=5) than of 
untreated animals (n=2) or C0 T-cell-treated (n=5) (240 
days vs 98 and 126 days for untreated mice and C0 T-cell-
treated mice, respectively; n=5 mice per group; p <0.01) 
(figure 7C).

From two independent PDX experiments, we detected 
human T-cells at various levels in the BM (where the 
AML blasts home), and spleen in C0T-cells as well as in 
IL-1RAP CAR T-cells-treated mice (figure  7D). Interest-
ingly, by dPCR quantification of the CAR transgene at the 
day of sacrifice, we quantified a high level of IL-1RAP CAR 
T-cells homing in the BM or spleen respectively in PDX#1 
(day 32) and PDX#2 (day 71) with a higher copy number 
in the BM than in all other organs (p<0.0001, n=3) for 
PDX#1. From PDX#3, a R/R AML case (n=6 mice), either 
IL-1RAP CAR or C0 T-cells harvested from the spleen and 
the BM, had a more effector than a memory phenotype 
(online supplemental figure S12A) and had an exhausted 
status, as evidenced by expression of three different 
checkpoints, PD-1, LAG-3, and TIM-3 (online supple-
mental figure S12B). Additionally, we studied by dPCR 
the biodistribution of IL-1RAP CAR T-cells in AML PDX 
#2 mice, assesses on different types of organs, showed a 
distribution of IL-1RAP CAR T-cells in a high level in the 
spleen of mice, with however no detection in the BM, and 
in the skin and in lower levels in other types of organs 
approximately 2 months after injection (figure 7E).

DISCUSSION
AML is a hematological malignancy, which remains with 
a poor outcome, especially for high-risk patients, despite 
improvements in hematopoietic SCT and several other 
treatments. Indeed, only approximately 40%–45% of 
young patients and 10%–20% of elderly patients can be 
cured, suggesting the necessity of new alternatives for 
treating patients.27 Immunotherapy using CAR T-cells, 
particularly CD19 CAR T-cells, which have shown remark-
able results in acute lymphoid leukemia and lymphoma28 
as well as in multiple myeloma,29 is an interesting strategy 

to explore in AML. Several cell surface AML antigen 
targets, mainly CD123, CD33, CLL1, FLT3, and CD44v6, 
are under investigation at preclinical stages; however, 
none are truly perfect targets due to their hematopoietic 
toxicity (eg, they can induce profound myeloablation).30 
Thus, there is a need to continue investigating new AML 
markers targetable by CAR T-cells.

In this work, we investigated IL-1RAP, a novel and unex-
plored AML cell surface marker expressed by leukemia 
cells but not by the healthy HSCs or the myeloid progen-
itors, not by the T and B lymphocytes, although it is 
expressed by circulating monocytes.11 13 IL-1RAP, the 
accessory protein of the IL-1 receptor, plays a crucial role 
in immunity, inflammation, and cancer. It is involved in 
a tumor microenvironment that favors leukemia prolif-
eration,15 16 potentiates multiple oncogenic signaling 
pathways and oncogenic pathways, and contributes to 
AML oncogenesis.14 31 As showed by Lv et al,16 in TGCA-
stomach adenocarcinoma, we confirm in this work, that 
IL-1RAP mRNA high expressers have also a poor EFS and 
OS in TGCA-AML, making IL-1RAP an interesting prog-
nosis marker. The need for IL-1RAP for tumorigenesis 
and its overexpression in cancer makes it an interesting 
target for avoiding further selection and escape because 
of antigen loss after CAR T-cell immunotherapy, as occurs 
with CD1932 or BCMA33 CAR T-cell immunotherapies. 
Michaud et al34 demonstrated that soluble IL-1RAP is 
present at a low level in healthy people, and Warda et al13 
showed that high concentrations of soluble IL-1RAP did 
not result in staining of IL-1RAP CAR-expressing T-cells 
and did not affect CAR T cytotoxicity against IL-1RAP+ 
target cells. We confirm here, in vitro, that the IL-1RAP 
soluble form do not inhibit IL-1RAP CAR T-cells cytotox-
icity against AML cell line (online supplemental figure 
S10) at a mean concentration quantified in patients with 
AML at diagnosis or relapse.

Currently, only an mAb targeting IL-1RAP 
(nidanilimab) is under investigation in phase I/II clinical 
trials (NCT03267316 and NCT04452214, www.clinical-
trials.gov) in pancreatic and triple-negative breast cancer. 
This antibody is used as a blocking agent in association 
with pembrolizumab or to enhance chemotherapy18 
and has shown a manageable safety profile.35 Regarding 
toxicity, in addition to our previous work,13 where we 
showed absence of targeting of the healthy HSCs, we give 
here another argument in favor of IL-1RAP targeting by 
showing absence of degranulation of IL-1RAP CAR T-cell 
against healthy peritumoral tissues from different solid 
tumors, thus in an inflammatory context.

We demonstrated that IL-1RAP mRNA is expressed 
in all AML FAB subtypes and that the IL-RAP protein is 
expressed at different levels on the cell surface of AML 
blasts independent of ELN classification. Interestingly, 
we showed in 30 AML patient cohorts that most primary 
IL-1RAP+ blasts coexpressed CD123, making this target 
suitable for bispecific CAR T-cell targeting, which will 
increase specificity via ‘and/or’ CAR activation signaling 
and presumably without increasing toxicity.36 Indeed, a 
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dissociated T-cell activating signal as CD123/CD28 and 
IL-1RAP/CD3z can reduce CD123 toxicity and enhance 
IL-1RAP efficacy while better targeting AML blasts.

Following our previous work in CML demonstrating a 
proof of concept for targeting IL-1RAP,13 we here showed 
in a preclinical study that this new alternative treatment has 
efficacy in AML using an innovative approach: targeting 
the cell surface marker IL-1RAP, which is expressed by 
both leukemic stem cells and primary AML blasts. The 
fact that the cytotoxicity and efficacy of IL-1RAP CAR 
T-cells were the same against both cells with low IL-1RAP 
and cells with high IL-1RAP expression (primary AML 
cells and AML cell lines) suggests their efficacy.

Interestingly, while chemotherapy and other targeted 
therapies are recognized as early line treatments 
currently, it is important to demonstrate that T-cells from 
patients with R/R AML can be used for CAR T-cell gener-
ation. Indeed, non-responder patients with AML are 
eligible for targeted therapies following chemotherapy, 
and some of these patients receive FLT3 tyrosine kinase 
inhibitor drugs37 that may interact with intrinsic tyrosine 
kinases38 involved in CAR transduction signals, such as 
Fyn, ZAP-70, and lck.39 We were able to transduce T-cells 
taken from patients with AML at diagnosis and at relapse 
with high efficiency, and we demonstrated that autolo-
gous CAR T-cells are effective in vitro against primary 
R/R AML blasts. Moreover, the presence of a suicide 
gene within our LV construct will protect against adverse 
events in cases of unexpected leukemic cell transduc-
tion, as previously shown.21 This mechanism will also 
help in the case of persistent adverse events affecting 
monocytes by functioning as a safety switch in order to 
eliminate CAR T-cells and allow a mature myeloid cell 
recovery. The functionality of the safety switch system 
has been evaluated in killing persistent IL-1RAP CAR 
T-cells.18

Characterization of the IL-1RAP CAR T-cells at the 
end of the production process and then in PDX mice 
showed that they acquire the expression of exhaustion 
markers such as PD-1, TIM-3, and LAG-3. Interestingly, 
the expression of these markers did not affect the func-
tion of IL-1RAP CAR T-cells in killing AML blasts. Further 
studies are needed in order to evaluate the expression 
of these markers’ ligands (such as PDL1) on the surface 
of AML cells for a possible combination of IL-1RAP CAR 
T-cells therapy with checkpoints inhibitors.40 Importantly, 
the persistence of IL-1RAP CAR T-cells in the BM and the 
spleen of PDX mice was confirmed by dPCR for approxi-
mately 2 months after treatment. This persistence may be 
due to the co-stimulation molecule 4-1BB present in the 
CAR construct.

In conclusion, this work clearly confirms the potential 
of IL-1RAP as a target in AML and the strong antileu-
kemic effects of strategies targeting this marker both in 
vitro and in vivo, laying the foundation for a promising 
future first-in-human clinical trial in R/R AML. IL-1RAP 
CAR T-cells have not yet been evaluated in humans, and 
doing so will help determine the optimal IL-1RAP CAR 

T-cell dose and evaluate the efficacy and safety of this 
approach.

Author affiliations
1TIMC, EFSBFC, INSERM UMR1098 RIGHT,UFC, Besancon, France
2CanCell Therapeutics, Besancon, France
3Clinical Hemaology, C.H. Lyon Sud, Lyon, France
4Clinical Hematology, C.H. Univ Jean Minjoz, Besancon, France
5Hematology Lab, CHU Lille, Lille, France
6Clinical Hematology, CHU François Mitterrand, Dijon, France
7Clinical Hematology, C.H. Lyon Sud, Lyon, France
8Lymphobank SAS, Besancon, France
9Laboratory of Applied Biotechnology (LBA3B), Lebanese University, Tripoli, Lebanon

Contributors  Conceptualization and study design: RT, WW, MD, CF. Methodology, 
experiments, and data analysis: RT, WW, ES, MNdR, LB, RH, CN, SB, ER, YS, FR, 
MD, CF. Original draft and figure construction: RT, WW, MNdR, CN, VA, ES, RH, MD, 
CF. Clinical advice and patient collection: AB, XR, YD, EDe, EDa, CF. Writing, review, 
and/or revision of the manuscript: VA, SD, WW, RT, MD, CF. Overall supervision and 
research funding: WW, MD, CF is the responsible for the overall content as the 
guarantor . All authors reviewed the manuscript and contributed to improving the 
paper. CF RT and WW contribute equally to this work.

Funding  Association Nausicaa Combat sa Leucémie (non-profit association—loi 
1901 FR); Gift 2017-03, 2018, 2019, and 2020. Association semons l’Espoir 
(non-profit association—loi 1901 FR); Gift 2020. Ligue contre le cancer, Comité 
de Montbéliard, Grant 12/2020 o Canceropôle Est, Grant 2020. This work was 
supported by the MiMedi project funded by BPI France (grant no. DOS0060162/00) 
and the European Union through the European Regional Development Fund of the 
Region Bourgogne-Franche-Comte (grant no. FC0013440). French Blood Center, 
Grants 2018 and 2019 of EU project T2EVOLVE grant agreement no. 945393. 
UMR1098 RIGHT is a member of the OPALE Carnot Institute. RH has a fellowship 
from Grand Besançon Metropole (GBM).

Competing interests  CF: consulting: Novartis, BMS, Incyte, and Daichii. Research 
grants: Novartis, Daiichi, Bellicum Pharmaceuticalo MD and CF: co-founders and 
shareholders of CanCell Therapeutics SAS, Besançon, Franceo MNdR and WW 
are employees of CanCell Therapeutics SAS, Besançon, Franceo SD: founder of 
ErVaccineo VA: ErVaccine consultanto ER: funder and Head of Lymphobank SAS.

Patient consent for publication  Consent obtained directly from patient(s).

Ethics approval  This study was approved by the local ethics committee of the 
Cohort French Innovative Leukemia Organization (FILO) Cell Biobank; AML collection 
(N° BB-0033-00073, declaration 2009-944, and authorization AC 201261739) 
AML-CAR Collection, N° CPP2019-03-022a/2018-A03300-55, harvested from 
Besançon and Dijon clinical centers. Patients and donors provided written informed 
consent, and the study was conducted in accordance with Declaration of Helsinki. 
Mouse experiments were approved by the local ethical committees (CELEAG and 
protocol 11 007R, Veterinary Services for Animal Health and Protection).

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  No data are available.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely 
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability 
and responsibility arising from any reliance placed on the content. Where the 
content includes any translated material, BMJ does not warrant the accuracy and 
reliability of the translations (including but not limited to local regulations, clinical 
guidelines, terminology, drug names and drug dosages), and is not responsible 
for any error and/or omissions arising from translation and adaptation or 
otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Christophe Ferrand http://orcid.org/0000-0003-0119-3919

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-0119-3919


14 Trad R, et al. J Immunother Cancer 2022;10:e004222. doi:10.1136/jitc-2021-004222

Open access�

REFERENCES
	 1	 Döhner H, Weisdorf DJ, Bloomfield CD. Acute myeloid leukemia. N 

Engl J Med 2015;373:1136–52.
	 2	 Döhner H, Estey E, Grimwade D, et al. Diagnosis and management 

of AML in adults: 2017 ELN recommendations from an international 
expert panel. Blood 2017;129:424–47.

	 3	 Perl AE. The role of targeted therapy in the management of 
patients with AML. Hematology Am Soc Hematol Educ Program 
2017;2017:54–65.

	 4	 Majeti R. Monoclonal antibody therapy directed against human acute 
myeloid leukemia stem cells. Oncogene 2011;30:1009–19.

	 5	 Boddu P, Kantarjian H, Garcia-Manero G, et al. The emerging role 
of immune checkpoint based approaches in AML and MDS. Leuk 
Lymphoma 2018;59:790–802.

	 6	 Maude SL, Frey N, Shaw PA, et al. Chimeric antigen receptor 
T cells for sustained remissions in leukemia. N Engl J Med 
2014;371:1507–17.

	 7	 Roussel X, Daguindau E, Berceanu A, et al. Acute myeloid leukemia: 
from biology to clinical practices through development and pre-
clinical therapeutics. Front Oncol 2020;10:599933.

	 8	 Hofmann S, Schubert M-L, Wang L, et al. Chimeric antigen receptor 
(CAR) T cell therapy in acute myeloid leukemia (AML). J Clin Med 
2019;8:200.

	 9	 Ehninger A, Kramer M, Röllig C, et al. Distribution and levels of cell 
surface expression of CD33 and CD123 in acute myeloid leukemia. 
Blood Cancer J 2014;4:e218.

	10	 Barreyro L, Will B, Bartholdy B, et al. Overexpression of IL-1 receptor 
accessory protein in stem and progenitor cells and outcome 
correlation in AML and MDS. Blood 2012;120:1290–8.

	11	 Zhang H-F, Hughes CS, Li W, et al. Proteomic screens for 
suppressors of anoikis identify IL1RAP as a promising surface target 
in Ewing sarcoma. Cancer Discov 2021;11:2884–903.

	12	 Houtsma R, van der Meer NK, Meijer K, et al. CombiFlow: 
combinatorial AML-specific plasma membrane expression profiles 
allow longitudinal tracking of clones. Blood Adv 2022;6:2129–43.

	13	 Warda W, Larosa F, Neto Da Rocha M, et al. CML hematopoietic 
stem cells expressing IL1RAP can be targeted by chimeric antigen 
Receptor-Engineered T cells. Cancer Res 2019;79:663–75.

	14	 Mitchell K, Barreyro L, Todorova TI, et al. IL1RAP potentiates 
multiple oncogenic signaling pathways in AML. J Exp Med 
2018;215:1709–27.

	15	 De Boer B, Sheveleva S, Apelt K, et al. The IL1-IL1RAP axis plays 
an important role in the inflammatory leukemic niche that favors 
acute myeloid leukemia proliferation over normal hematopoiesis. 
Haematologica 2020.

	16	 Lv Q, Xia Q, Li A, et al. The potential role of IL1RAP on 
tumor Microenvironment-Related inflammatory factors 
in stomach adenocarcinoma. Technol Cancer Res Treat 
2021;20:153303382199528.

	17	 Ågerstam H, Hansen N, von Palffy S, et al. IL1RAP antibodies block 
IL-1-induced expansion of candidate CML stem cells and mediate 
cell killing in xenograft models. Blood 2016;128:2683–93.

	18	 Gottschlich A, Endres S, Kobold S. Therapeutic strategies 
for targeting IL-1 in cancer. Cancers 2021;13. doi:10.3390/
cancers13030477. [Epub ahead of print: 26 01 2021].

	19	 Zheng P, Zhang Y, Zhang B, et al. Synthetic human monoclonal 
antibody targets hIL1 receptor accessory protein chain with 
therapeutic potential in triple-negative breast cancer. Biomed 
Pharmacother 2018;107:1064–73.

	20	 Askmyr M, Ågerstam H, Hansen N, et al. Selective killing of 
candidate AML stem cells by antibody targeting of IL1RAP. Blood 
2013;121:3709–13.

	21	 Warda W, Da Rocha MN, Trad R, et al. Overcoming target epitope 
masking resistance that can occur on low-antigen-expresser AML 
blasts after IL-1RAP chimeric antigen receptor T cell therapy using 
the inducible caspase 9 suicide gene safety switch. Cancer Gene 
Ther 2021;28:1365–75.

	22	 Ceroi A, Masson D, Roggy A, et al. LXR agonist treatment of blastic 
plasmacytoid dendritic cell neoplasm restores cholesterol efflux and 
triggers apoptosis. Blood 2016;128:2694–707.

	23	 Li C, Wong WH. Model-based analysis of oligonucleotide arrays: 
expression index computation and outlier detection. Proc Natl Acad 
Sci U S A 2001;98:31–6.

	24	 Corces MR, Buenrostro JD, Wu B, et al. Lineage-specific and 
single-cell chromatin accessibility charts human hematopoiesis and 
leukemia evolution. Nat Genet 2016;48:1193–203.

	25	 Haderbache R, Warda W, Hervouet E, et al. Droplet digital PCR 
allows vector copy number assessment and monitoring of 
experimental CAR T cells in murine xenograft models or Approved 
CD19 CAR T cell-treated patients. J Transl Med 2021;19:265.

	26	 Mardiana S, Gill S. Car T cells for acute myeloid leukemia: state of 
the art and future directions. Front Oncol 2020;10:697.

	27	 Bose P, Vachhani P, Cortes JE. Treatment of relapsed/refractory 
acute myeloid leukemia. Curr Treat Options Oncol 2017;18:17.

	28	 Frigault MJ, Maus MV. State of the art in CAR T cell therapy for 
CD19+ B cell malignancies. J Clin Invest 2020;130:1586–94.

	29	 Munshi NC, Anderson LD, Shah N, et al. Idecabtagene Vicleucel 
in relapsed and refractory multiple myeloma. N Engl J Med 
2021;384:705–16.

	30	 Gill S, Tasian SK, Ruella M, et al. Preclinical targeting of human acute 
myeloid leukemia and myeloablation using chimeric antigen receptor-
modified T cells. Blood 2014;123:2343–54.

	31	 Litmanovich A, Khazim K, Cohen I. The role of interleukin-1 in the 
pathogenesis of cancer and its potential as a therapeutic target in 
clinical practice. Oncol Ther 2018;6:109–27.

	32	 Nie Y, Lu W, Chen D, et al. Mechanisms underlying CD19-positive 
all relapse after anti-CD19 CAR T cell therapy and associated 
strategies. Biomark Res 2020;8:18.

	33	 Samur MK, Fulciniti M, Aktas Samur A, et al. Biallelic loss of BCMA 
as a resistance mechanism to CAR T cell therapy in a patient with 
multiple myeloma. Nat Commun 2021;12:868.

	34	 Michaud N, Al-Akoum M, Akoum A. Blood soluble interleukin 1 
receptor accessory protein levels are consistently low throughout 
the menstrual cycle of women with endometriosis. Reprod Biol 
Endocrinol 2014;12:51.

	35	 Awada A, Eskens F, Robbrecht D, et al. Results from a first-in-man, 
open label, safety and tolerability trial of CAN04 (nidanilimab), a fully 
humanized monoclonal antibody against the novel antitumor target, 
IL1RAP, in patients with solid tumor malignancies. Journal of Clinical 
Oncology 2019;37:2504.

	36	 Jain MD, Davila ML. Concise review: emerging principles from the 
clinical application of chimeric antigen receptor T cell therapies for B 
cell malignancies. Stem Cells 2018;36:36–44.

	37	 Gebru MT, Wang H-G. Therapeutic targeting of FLT3 and associated 
drug resistance in acute myeloid leukemia. J Hematol Oncol 
2020;13:155.

	38	 Fasslrinner F, Arndt C, Koristka S, et al. Midostaurin abrogates 
CD33-directed UniCAR and CD33-CD3 bispecific antibody therapy 
in acute myeloid leukaemia. Br J Haematol 2019;186:735–40.

	39	 Wolleschak D, Mack TS, Perner F, et al. Clinically relevant doses of 
FLT3-kinase inhibitors quizartinib and midostaurin do not impair T-
cell reactivity and function. Haematologica 2014;99:e90–3.

	40	 Jimbu L, Mesaros O, Popescu C, et al. Is there a place for PD-
1-PD-L blockade in acute myeloid leukemia? Pharmaceuticals 
2021;14:288.

http://dx.doi.org/10.1056/NEJMra1406184
http://dx.doi.org/10.1056/NEJMra1406184
http://dx.doi.org/10.1182/blood-2016-08-733196
http://dx.doi.org/10.1182/asheducation-2017.1.54
http://dx.doi.org/10.1038/onc.2010.511
http://dx.doi.org/10.1080/10428194.2017.1344905
http://dx.doi.org/10.1080/10428194.2017.1344905
http://dx.doi.org/10.1056/NEJMoa1407222
http://dx.doi.org/10.3389/fonc.2020.599933
http://dx.doi.org/10.3390/jcm8020200
http://dx.doi.org/10.1038/bcj.2014.39
http://dx.doi.org/10.1182/blood-2012-01-404699
http://dx.doi.org/10.1158/2159-8290.CD-20-1690
http://dx.doi.org/10.1182/bloodadvances.2021005018
http://dx.doi.org/10.1158/0008-5472.CAN-18-1078
http://dx.doi.org/10.1084/jem.20180147
http://dx.doi.org/10.3324/haematol.2020.254987
http://dx.doi.org/10.1177/1533033821995282
http://dx.doi.org/10.1182/blood-2015-11-679985
http://dx.doi.org/10.3390/cancers13030477
http://dx.doi.org/10.1016/j.biopha.2018.07.099
http://dx.doi.org/10.1016/j.biopha.2018.07.099
http://dx.doi.org/10.1182/blood-2012-09-458935
http://dx.doi.org/10.1038/s41417-020-00284-3
http://dx.doi.org/10.1038/s41417-020-00284-3
http://dx.doi.org/10.1182/blood-2016-06-724807
http://dx.doi.org/10.1073/pnas.98.1.31
http://dx.doi.org/10.1073/pnas.98.1.31
http://dx.doi.org/10.1038/ng.3646
http://dx.doi.org/10.1186/s12967-021-02925-z
http://dx.doi.org/10.3389/fonc.2020.00697
http://dx.doi.org/10.1007/s11864-017-0456-2
http://dx.doi.org/10.1172/JCI129208
http://dx.doi.org/10.1056/NEJMoa2024850
http://dx.doi.org/10.1182/blood-2013-09-529537
http://dx.doi.org/10.1007/s40487-018-0089-z
http://dx.doi.org/10.1186/s40364-020-00197-1
http://dx.doi.org/10.1038/s41467-021-21177-5
http://dx.doi.org/10.1186/1477-7827-12-51
http://dx.doi.org/10.1186/1477-7827-12-51
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.2504
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.2504
http://dx.doi.org/10.1002/stem.2715
http://dx.doi.org/10.1186/s13045-020-00992-1
http://dx.doi.org/10.1111/bjh.15975
http://dx.doi.org/10.3324/haematol.2014.104331
http://dx.doi.org/10.3390/ph14040288

	Chimeric antigen receptor T-­cells targeting IL-­1RAP: a promising new cellular immunotherapy to treat acute myeloid leukemia
	Abstract
	Introduction﻿﻿
	Methods
	Transcriptomic and RNA-sequencing in silico analysis
	Tumor cell lines, primary AML cells, and patient sample collection
	Determination of IL-1RAP mRNA expression, western blot analysis, and determination of the number of IL-1RAP antigenic sites
	Production of lentiviral constructs supernatant and genetically modified CAR T-cells
	Flow cytometry immunophenotyping
	In vitro cellular analysis: cell activation, interferon-γ intracellular expression, and cytotoxicity analysis
	Xenograft murine models and patient-derived xenograft murine model
	Statistical analysis and graph constructions

	Results
	IL-1RAP expressed at cell surface of AML primary blasts is a promising marker for immunotherapy approaches
	Il-1RAP is expressed at various levels on the cell surface of AML cell lines and primary AML cells
	Efficient generation of IL-1RAP CAR T-cells from T-cells taken from patients with AML at either diagnosis or relapse
	IL-1RAP CAR T-cells are able to specifically proliferate, secrete IFN-γ, and kill AML cell lines independent of IL-1RAP cell surface expression levels
	IL-1RAP CAR T-cells target AML CD34+ HSC but do not affect healthy CD34+ HSC and healthy tissues harvested at the periphery of some solid tumors
	IL-1RAP CAR T-cells clear AML tumor cell lines, decrease the tumor burden, and can be controlled by the safety switch in an in vivo xenograft murine model
	IL-1RAP CAR T-cells generated from healthy donors or patients with AML (D or R/R) are efficient against primary AML cells (taken from patients at D or R/R)
	R/R primary AML blasts are targeted in BM and successfully eliminated by IL-1RAP CAR T-cells in an in vivo AML PDX murine model


	Discussion
	References


