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Abstract

Background Surface antigens of potential clinical significance remain under-characterized in AML. The European
Leukemia Network classifies normal karyotype AML (NK-AML) mutated for NPM1 (NPM1¢) as a distinct entity associ-
ated with favorable outcomes if not associated with FLT3-ITD mutation. A subset of NPM1c NK-AML shows additional
mutations in 2 genes: FLT3 (FLT3-ITD) and DNMT3 A. These leukemias, also referred to as NK triple mutated AML (NKt-
AML), are particularly difficult to eradicate with current treatment options. Therefore, novel therapies are necessary
that use proteins specifically expressed at the surface.

Methods In order to identify surface antigens for immunotherapy in NKt-AML, an extensive multi-omic analy-

sis was conducted on primary AML samples. Surface proteome enrichment was performed on 100 primary AML
samples, twelve of which were NKt-AML. Transcriptome analysis was carried out on the 691 primary AML samples,
and single-cell RNA sequencing was conducted on 23 primary AML samples.

Results Herein, using multi-omics data from the Leucegene collection, we identify ILTRAP as a promising antigen

for this AML subgroup. We demonstrate that ILTRAP is expressed at the surface of primitive AML cells reminiscent

of leukemic stem cells in NKt-AML primary human AML specimens, while showing relatively low expression levels

in normal bone marrow HSCs. Furthermore, results indicate that elevated ILTRAP expression associates with poor
overall and relapse-free survival in the Leucegene cohort of AML patients and predicts nonresponse to hematopoietic
stem cell transplantation. Finally, we show that ILTRAP protein is internalized following exposure to specific antibod-
ies, suggesting that ILTRAP represents an interesting target for antibody-drug conjugate development in NKt-AML.

Conclusions IL1RAP exhibits preferential expression within NKt-AML, correlating with diminished overall survival
rates and diminished responsiveness to hematopoietic stem cell transplantation. Moreover, internalization of ILTRAP
presents a promising avenue for immunotherapeutic intervention.
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Introduction

Acute myeloid leukemia (AML) is characterized by a
multitude of mutations and chromosomal aberrations
such as translocations, inversions and deletions. These
characteristics are routinely integrated to classify this
disease in several cytogenetic/genetic subgroups [1].
Most specimens in each of these subgroups present 2
additional levels of heterogeneity. First, genetic subclones
are the norm rather than the exception for each patient
(oligoclonal disease). Second, subclones typically vary in
their differentiation level. Leukemic stem cells (LSCs), the
most primitive leukemia cell type contributing to AML
onset and relapse, lie at the apex of this hierarchy, and
mature blasts at the bottom, along with intermediate cel-
lular constituents between these 2 extremes. Single-cell
RNA-sequencing experiments have been most informa-
tive at revealing this cellular hierarchy [2-5]. Interest-
ingly, accumulating evidence indicates that both genetic
alterations and cell type dictate treatment response for
each AML subset [6, 7].

Normal karyotype triple-mutated AML (or NKt-AML)
is an AML subtype associated with poor clinical out-
come, with a 5-year overall survival rate below 20% and
represents 6% to 10% of AML cases [8, 9]. It displays a
high LSC frequency and a GRP56 hi/CD34 lo immu-
nophenotype [10, 11]. NKt-AML is characterized by a
normal karyotype and by the co-occurrence of mutations
in three specific genes: NPM1, DNMT3 A and FLT3.
NPM1 is a nuclear chaperone, known to shuttle pro-
teins and nucleic acids between nucleus and cytoplasm.
It is involved in ribosomal biogenesis by promoting the
nuclear export of 55 rRNA and its incorporation into
60S ribosomal subunits [9], hence impacting cell growth.
Additionally, NPM1 interacts with p53 to regulate its sta-
bility and transcriptional activity [9, 12, 13]. NPM1 is one
of the most frequently mutated gene in NK AML (50%
of NK AML cases), with the insertion of 4 nucleotides
in the 3’end of the mature transcript observed in more
than 95% of NPM1-mutated cases and leading to a neo-
morphic protein with aberrant cytoplasmic localization
(NPMlc) [9, 14, 15]. In NK and NKt-AML, this muta-
tion is associated with elevated expression of numerous
genes such as HOXA/B, MEIS1 and PBX3, which have
been reported to mediate maintenance of the leukemic
state for this specific AML subset [9]. DNMT3 A is a
DNA methyltransferase involved in hematopoietic stem
cell program repression during cellular differentiation via
the downregulation of HSC-specific genes [16]. DNMT3
A loss of function mutation R882H, occurring in 30% of
NK AML, is the most frequent DNMT3 A mutation in
AML (50% of DNMT3 A-mutated cases) and is associ-
ated with poor prognosis in hematological cancers, possi-
bly through its impact on leukemia stem cell proliferation

Page 2 of 17

and apoptosis [17-20]. Finally, FLT3 is a receptor tyros-
ine kinase expressed by immature bone marrow (BM)
hematopoietic cell populations and that regulates cell
survival, proliferation and differentiation, when stimu-
lated by FLT3 ligand [21]. FLT3 mutations occur in two
specific forms: point mutations affecting the FLT3 kinase
domain and internal tandem duplications (ITD) in the
juxta-membrane domain. FLT3-ITD is the most relevant
FLT3 aberration in AML as it confers poor prognosis
when associated with NPM1c mutation [8, 22, 23] and is
mutated in 45.7% of NK AML cases [24].

The current standard of care for NKt-AML treatment
includes induction chemotherapy with the 7+ 3 regi-
men with the addition of the FLT3 inhibitor Midostau-
rin based on the prolonged overall survival reported for
FLT3-mutated AML treated with Midostaurin compared
to control patient group [25]. Complete remission rates
did not significantly differ between the 2 groups, however
[25], suggesting that additional therapeutic strategies
are needed for FLT3-mutated and NKt-AML patients.
In addition to chemotherapy, many immunotherapeutic
approaches are currently under development in AML.
Indeed, several antigens are currently being targeted in
clinical trials by antibodies inducing antibody-depend-
ent cell cytotoxicity (ADCC), antibody—drug conjugates
(ADCs), and more recently by chimeric antigen receptor
T cell (CAR-T cells) and BiTE antibodies [26—29]. Gem-
tuzumab ozogamicin (Mylotarg TM), the only thera-
peutic antibody approved by the U.S. Food and Drug
Administration produces significant survival improve-
ment for favorable cytogenetic risk AML (inv(16) and
t(8;21), however, limited benefit is observed for adverse
cytogenetic risk patients [30]. One major issue associated
with the targeting of cell surface antigens in a therapeu-
tic context in AML is the shared expression of antigens
between LSCs and normal hematopoietic stem cells
(HSPCs). Accordingly, it becomes critical to identify anti-
gens specifically overexpressed by most primitive AML
cell populations, including LSCs, compared to their nor-
mal counterpart. Technologies such as single-cell RNA
sequencing can be exploited to explore the makeup of
these antigens at high resolution in multiple AML and
normal bone marrow cell subpopulations including most
primitive cells.

As part of the Leucegene program, our group devel-
oped a multiomics approach involving transcriptom-
ics, genomics, cytogenetics, proteomics, and chemical
screening to characterize AML subgroups and develop
new therapies for this disease. This approach was
exploited for the characterization of the 691 primary
human AML specimens of the Leucegene collection. This
endeavor led to the identification of AML subgroup-spe-
cific gene expression profiles, new functional biomarkers,
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novel mutations in AML subgroups and several previ-
ously uncovered therapeutic targets [10, 11, 31-46]. More
recently, our group developed a comprehensive approach
combining surface proteomics, RNA sequencing and
single-cell RNA-sequencing to characterize the AML
surfaceome through the analysis of primary human AML
specimens [47]. This effort enabled the identification of
several AML antigens common to all AML subgroups
analyzed, as well as potential LSC markers and provided
an overview of antigens expressed by specific AML sub-
groups. Additionally, our group developed SPAT (Surface
protein annotation tool: https://spat.leucegene.ca) [48],
and LASA (Leucegene AML surfaceome atlas: https://
lasa.leucegene.ca/lasa_v2/)[47], allowing for surface pro-
teome, transcriptome and single-cell transcriptome anal-
ysis of primary human AML specimens of the Leucegene
cohort. Herein, using these datasets and tools as well as
newly generated data, we report the in depth surfaceome
analysis of NKt-AML and identify ILIRAP (Interleukin 1
Receptor Accessory Protein) as a promising antigen for
this AML subgroup that shows elevated expression in
primitive AML cell subpopulations and limited expres-
sion in normal BM HSCs. Importantly, elevated ILIRAP
expression associates with adverse outcome in the Leuce-
gene cohort and identifies AML patients refractory to
current therapeutic strategies. ILIRAP protein is an
essential component of the Interleukin 1 receptor com-
plex, inducing the signaling cascade of interleukin. This
complex plays a major role in immune response to infec-
tion, tissue damage and stress by triggering the synthesis
of proinflammatory protein [49]. Elevated expression of
ILIRAP has been documented in many type of cancer
including solid tumors (pancreatic ductal adenocarci-
noma, Ewing sarcoma, gliomas, triple negative breast
cancer, non-small cell lung cancer, stomach adenocar-
cinoma, or cervical cancer), and hematological malig-
nancies (CML and AML) [50, 51]. Despite evidence
demonstrating high ILIRAP expression in AML, its
correlation with specific cytogenetic/genetic subgroups
remains unclear. This information is essential for deter-
mining future diagnostic and therapeutic strategies. Prior
research has indicated that ILIRAP can be targeted ther-
apeutically to eliminate leukemia; however, the blocking
activity of certain ILIRAP antibodies is ineffective in the
context of FLT3-ITD. [52-54]

Methods

Primary human AML specimens and AML subgroup
classification

The Leucegene AML surfaceome cohort is composed of
100 specimens, 61% male and 39% female, with a median
age at diagnosis of 59 years. The Leucegene AML RNA
sequencing cohort is composed of 691 specimens, 58%
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male and 42% female, with a median age at diagnosis of
57 years. The use of primary human AML specimens for
this study was approved by the Research Ethics Boards
of Université de Montréal and Maisonneuve-Rosemont
Hospital. Leukemia primary specimens used in this work
were collected with informed consent. Sample charac-
terizations were performed by the Quebec Leukemia
Cell Bank after obtaining an institutional Research Eth-
ics Board—approved protocol. The Quebec Leukemia
Cell Bank is a biobank certified by the Canadian Tissue
Repository Network [47].

AML specimens were classified based on WHO 2022
classification guidelines [55] and mutational, cytogenetic
characteristics. Cytogenetic aberrations and karyotypes
were described according to the International System
for Human Cytogenomic Nomenclature 2020 [56]. Com-
plex karyotype was defined as leukemia with 3 or more
clonal chromosomal abnormalities in the absence of one
of the recurrent genetic abnormalities: t(8;21), inv(16)
or t(16;16), t(9;11), t(v;11), t(6;9), inv(3) or t(3;3), and
AML with BCR-ABL1 [57]. Other AML primary speci-
mens were classified as inv (16), CK, t(8;21), MECOM-r,
del(5q), mono 7, del(7q), tri/tetra 8, t(6;9) or KMT2 A-r
AML according to their cytogenetic information. NK
triple-mutated AML was defined as normal karyotype
AML with co-occurrent NPM1, DNMT3 A and FLT3-
ITD mutations. RUNX1-mutated and NPM1-mutated
AML were defined as normal or intermediate abnormal
karyotype AML with respective RUNX1 mutation and
NPM1-mutation.

Datasets

Mass spectrometry data from the Leucegene AML sur-
faceome cohort have been previously published [47] and
deposited to the ProteomeXchange Consortium via the
PRIDE [58] partner repository with the dataset identifier
PXD043772, PXD044480 and https://doi.org/10.6019/
PXD044480. Single-cell RNA sequencing data gener-
ated from primary human AML specimens used in this
manuscript previously published [47] and deposited
in the GEO repository (GSE241989). Leucegene RNA
sequencing data from primary human AML specimens
(n= 691) and normal human hematopoietic cell popula-
tions are available in the GEO repository (GSE67040 and
GSE98310). Immunohistochemistry data from normal
human tissues used for this manuscript were extracted
from the Human Protein Atlas [59] Portal (proteinatlas.
org). The human platelet membrane proteomics mass
spectrometry dataset was previously published [60].
Human cell atlas normal bone marrow single-cell RNA
sequencing data from eight healthy donors was obtained
from the Human Cell Atlas. [61] Therapeutic antibody
information was extracted from the Thera-SAbDab
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database (opig.stats.ox.ac.uk/webapps/newsabdab/ther-
asabdab) on 23rd of March 2023 [62].

Surface proteomics and single-cell RNA-sequencing
Surface proteomic and single-cell RNA-sequencing
data generation from primary human AML specimens
has been described elsewhere [47]. The proteome map-
ping was performed on review dataset from UniProt
v2023_04. Differential analysis was performed without
imputation and maximum 4 missing value per condition,
using DEP.

Additional single-cell RNA-sequencing data analysis
Processing and analysis of scRNA-seq were performed
in R4.2 and Python 3 using Seurat v4.3 [63] and Scanpy
[64]. All samples are processed individually using log-
normalization with a 10,000-scale factor, most variable
identification, and PCA reduction method [65]. Finally,
samples were integrated according to the Seurat pipeline
[66]. Integration of multiple samples is made using 2000
most variable features across all samples. Dimension
reduction is performed using 50 dimensions for the PCA,
and UMAP. UMAP is computed on the “integrated” assay
and using the “umap-learn” method with the following
parameters: n.epoch =500 and seed =123. All single-cell
figures are plotted using SCP, using the normalized data.
Cell types within each specimen were annotated using
an artificial neural network-based classifier developed
by our group (available on GitHub https://github.com/
lavalleelab/ANN-CAST). ANN-CAST was trained with
labeled single-cell RNA-sequencing data obtained from
healthy donors available from the Human Cell Atlas. It
labels each cell independently according to the most sim-
ilar normal cell type.

Flow cytometry

ILIRAP was labeled using anti-ILIRAP coupled with PE
(phycoerythrin) from R&D Systems (clone #89,412 cat
#FAB676P). In addition, cells were stained with CD45
(clone #HI30 BDbioscience cat#560,777) and GPR56
(clone #CG4 biolegend cat#358,206). Data acquisition
was performed on FACSFortessa (BD bioscience). Bone
marrow flow cytometry analysis was done using same
ILIRAP antibody and CD14 (clone #HCD14 Biolegend
cat#325,620) and CD45RA (clone #HI100, cat#563,870).
Anti-CD34 is used for bone marrow sorting. Cells are
stained for 20 min in the dark and washed two times with
5 mL of PBS.

Flow cytometry results were analyzed using Flow]Jo
V10 software. Dead cells and debris were excluded with
FSC (discriminating cell size) and SSC (discriminating
cell granularity) signals. The blast population is defined
according to CD45 mid expression. ILIRAP positive
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population was determined using CD45 hi lymphocyte
population, known to be ILIRAP negative. The gating
strategy is confirmed using FMO (Fluorescence Minus
One) to avoid measuring background signals.

Cell lines

OCI-AML3 cell lines were provided by the Univer-
sity Health Network (Toronto). Cells were expanded in
aMEM supplemented with 20% heat-inactivated FBS and
incubated at 37 °C, 5% CO2.

Internalization assay

To assess if ILIRAP is a potential target for antibody
drug-conjugated (ADC), we assess ILIRAP internaliza-
tion. We used the OCI-AML3 cell line to test ILIRAP
internalization. Cells were stained at t= 0 with anti-
IL1RAP (PE clone #89,412 cat #FAB676P from R&D Sys-
tems) and incubated at 37 °C in aMEM supplemented
with 20% FBS-Hi. Secondary staining was performed at
different time points (t =0, t= 15 min, and t= 30 min)
with an anti-PE (APC clone # PE0O1 cat# 408,107 from
Biolegend) antibody. Mean fluorescence intensity is
measured by flow cytometry.

Indirect ADC inhibition assay

AML- 5 and U266 cells were seeded at the appropriate
cell densities in complete media in white, opaque bot-
tom, tissue-culture treated 384 well plates (Costar #
3570) and incubated for 24 h at 37 °C and 5% CO2. Anti-
mouse Fc region antibodies (a mix of 1:1 of anti mIgG1
and anti mIgG2a) or anti-human Fc hIgG1, conjugated
to PNU (secondary Ab) were used to link the specific
anti-ILIRAP antibodies (respectively mouse or human)
to the drug. This mixture, at a 1:1 molar ratio of primary
to secondary antibody, was incubated for 30 min at room
temperature in DPBS prior to serial dilution (when appli-
cable) and antibody application to the cells. In the case of
AML- 5 cells, which express FcyR, an Fc blocking reagent
(hIgG from Sigma, # 14506) was incubated with the cells
for 1-2 h at room temperature prior to addition of the
primary + secondary antibody mixes.

Following 5 days of exposure to primary and secondary
antibody mixes, cell viability was assessed using a CellTi-
ter-Glo® luminescence ATP detection kit (Promega Cor-
poration). Signal output was measured on a luminescence
plate reader (Envision, Perkin Elmer) set at an integration
time of 0.1 s. Each concentration point (S) was normal-
ized to signal in the negative control, untreated wells
(NC) and expressed as % survival (S/NC X 100). When
dose—response curves were performed, potency (IC50)
and efficacy (% maximum inhibition) were calculated
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from a non-linear 4-PL curve fit of the % survival versus
log of the concentrations (GraphPad Prism software).

Statistical analyses and data visualization

All figures were generated with ggplot2 on R v4.4 or
Seaborn packages on python v3.10.4. Wilcoxon test is
used to calculate the p-value.

Results

NKt-AML overexpresses a distinct subset of cell surface
proteins

To characterize the surfaceome of NKt-AML and identify
antigens for immunotherapeutic targeting, we exploited
proteomic data from the Leucegene AML surface pro-
teome dataset (= 100 primary human AML specimens),
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which includes 12 NKt-AML specimens. Patient charac-
teristics from this cohort are shown in Fig. 1A (see also
Table S1) [47]. All specimens in the NKt-AML group and
97% of samples from control group were sampled at ini-
tial diagnosis, and mostly exclude relapse and refractory
states. White blood cell counts were significantly higher
in the NKt-AML group than in the control group, likely
reflecting the association of this feature with FLT3-ITD
mutation [67]. A total of 1279 proteins were detected in
NKt-AML specimens by mass spectrometry (Fig. 1B)
[68], and differential surface proteome analysis revealed
that among those, 412 are overexpressed by NKt-AML
compared to other AML subgroups (Log2 FC in protein
intensity > 1, Fig. 1B, and Fig. 1C (red bars)). To highlight
cell surface proteins from this subset, we used the SPAT

Characteristic NKt-AML Others ovalue™
Number of samples n=12 n=88 # of protein
Age_at_diagnosis
Median(range) 635 (23-76) 58 (20-83) Detected in Nkt-AML by surface proteomics 1279
Unknown 0 12
WBC_count 0.004 1
Median(range) 83.7 (33.2-255) 33.35 (1.3-447) Differentially expressed by in Nkt-AML by surface proteomics 412
Unknown 0 0 (LogZFC protein intensity = 1)
FAB
AML-MO 0(0%) 12(14%) SPAT score = 8 88
AML-M1 7(58%) 26(30%)
AML-M4. 0(0%) 5(6%)
AMLMSA 0(0%) 13(15%) Limited expression by liver, lungs, heart, kidney and brain tissue 37
Not classifiable by FAB criteria 2(17%) 13(15%) Human protein atlas: IHC)
AML-M2 1(8%) 10(11%) 1
AML-M4Eo 0(0%) 7(8%) L. )
AMLMSB 00%) 2(2%) Limited expression by CD34*CD45RA CB cells, T cells and platelets 9
AMLMS 207%) 0(0%) 0.013 (Leucegene RNA-seq dataset, platelet proteomic dataset )
Risk 1
d 0(0%) 45(51%) 0 . . . .
e DIWI wszv; Highly expressed by NKt-AML by surface proteomics and transcriptomics 3
; ; (Log2protein intensity = 25, TPM 2 10)
intermediate 12(100%) 28(32%) 0
Status_at_sampling 1
Diagnosis 12(100%) 85(97%) Limited expression by BM HSCs
Relapse 0(0%) 2(2%) (scRNA seq datasets: AML (Leucegene), normal BM (Human cell atlas)) 1
Refractory 0(0%) 1(1%)
Sex
F 4(33%) 35(40%)
M %7%) Sﬂﬂ)%)
“wilcoxon rank sum test; °Fisher exact test;
NKt-AML vs others
15 o :
ADGRG1 Protein intensity
W og2FC21
W Log2orc<1
10
O CTSG
[T
N 5 ADGRGS5
4 / ILIRAP
2 [

Proteins
Fig. 1 NKt-AML surfaceome enrichment and pipeline analysis. A Leucegene AML surfaceome cohort characteristic comparison between NKt-AML
and other primary human AML specimen. B Schematic representation of NKt-AML antigen selection pipeline. C Comparison of protein intensity
between NKt-AML (n= 12) and other (n= 88) specimens of the Leucegene AML surfaceome cohort. FC: fold change in protein intensity. Red
bars represent proteins with log,FC > 1. Highlighted are candidate antigens (CTSG, ADGRGS, IL1RAP) and proteins overexpressed (ADGRG1)
or underexpressed (CD34) by NKt AML
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algorithm (Surface Protein Annotation Tool), developed
by our group, that exploits publicly available annotations
and proteomic datasets to compute a score that esti-
mates the likelihood of plasma membrane localization
for a given protein [48]. 88 proteins showed a SPAT score
above or equal to 8, the confidence threshold for surface
protein identification determined by SPAT, likely corre-
sponding to bona fide cell surface proteins [48](Table S2).
As a proof of concept for this approach, GPR56
(ADGRGL1), a surface marker reported to define NKt-
AML leukemic stem cell, was found to be the surface
protein most significantly and differentially expressed
by NKt-AML (Fig. 1C). Additionally, CD34, shown to
be poorly expressed by NKt-AML, was underexpressed
by NKt-AML compared to specimens from other AML
subgroups (Fig. 1C) [11]. Together, these results demon-
strate that NKt-AML selectively expresses a subset of cell
surface proteins compared to other AML subgroups and
prompted further characterization of these candidates
for antigen identification.

To identify antigens for immunotherapeutic targeting,
the 88 candidates were subjected to expression analy-
sis using public datasets to select proteins with limited
expression in normal essential organ tissues (lungs, liver,
brain, kidney and heart, immunohistochemistry data
from The human protein atlas) [59], platelets (platelet
proteomics dataset) [60] and hematopoietic cells (expres-
sion <10 TPM in cord blood CD34 +CD45RA- cells
and peripheral blood T cells, Leucegene normal human
hematopoietic cell RNA-sequencing dataset [43]), while
showing relatively high expression levels in NKt-AML
(TPM >10) (Fig. 1B, Fig. S1, Table S3). Expression
thresholds in normal essential organ tissues and hemat-
opoietic cells were based on an analysis of the expression
profile of antigens currently targeted by therapeutic anti-
bodies in phase II and III clinical trials or approved by
the FDA previously reported by our study [47].

IL1RAP is a novel cell surface antigen for NKt-AML

This analysis provided a list of 3 candidates antigens
for NKt-AML with a potentially favorable safety pro-
file, namely CTSG, ADGRG5 and IL1RAP (Fig. 2A).
We then validated the expression of these antigens at
the transcript level and compared their expression pro-
file in NKt-AML specimens and normal BM samples
to identify antigens showing preferential expression
by AML cells. To achieve this, we exploited single-cell
RNA sequencing data from NKt-AML specimens previ-
ously generated by our group (n= 3), which were com-
bined with newly generated data (n= 3 NKt-AML) and
compared to normal BM single-cell RNA-sequencing
data from the Human cell atlas [61]. These observa-
tions revealed that ADGRG], strongly overexpressed by

Page 6 of 17

NKt-AML at the protein level (Fig. 1C) but not selected
in our pipeline based on its strong expression by T cells
(data not shown), is expressed asymmetrically among the
6 NKt-AML specimens both in AML cells and in HSC-
like AML cells (Fig. 2B-C, umap projection of cell type
in Fig. S2 A). CTSG and ADGRG5 were more uniformly
but poorly expressed in both AML and HSC-like AML
cells (Fig. 2B-C). ILIRAP on the other hand was found
to be homogeneously expressed by AML and HSC-like
AML cells of all 6 NKt-AML specimens analyzed and
showed little expression in BM cells including HSC-like
BM cells (Fig. 2B-C and Fig. S2B). Importantly, among
the three candidates, ILIRAP was the gene most over-
expressed by HSC-like AML cells compared to normal
BM HSCs (average log2(FC) =4.55; Fig. 2D, Fig. S2 C
and S2D. Interestingly, among cell surface proteins over-
expressed by NKt-AML by surface proteomics (Fig. 1B,
n= 88) are found several proteins targeted by therapeu-
tic antibodies under clinical development in AML as well
as in other cancer and non-cancer indications (Table S2).
None of these antigens showed overexpression by NKt-
AML HSC-like cells compared to normal BM HSCs by
an order of magnitude comparable to ILIRAP however
(Fig. 2D). Altogether, these analyses position ILILRAP as
the most promising antigen for therapeutic intervention
in NKt-AML.

Assessment of IL1RAP expression profile in AML subgroups
Although IL1IRAP has been identified as an antigen for
NKt-AML, we wished to determine if ILIRAP is also
expressed by other AML subgroups, as one could envi-
sion that therapeutic strategies targeting this antigen
could be extended to other AML subtypes. Results show
that ILIRAP is most highly expressed by t(6;9), t(8;21)
and NKt-AML (n= 12) both at the protein (surface pro-
teomics, Leucegene AML surfaceome cohort (n= 100),
Fig. 3A) and transcript levels (transcriptome, Leucegene
RNA-sequencing cohort (n= 691), Fig. 3B, t(8;21) Fig.
S3 A). Complex karyotype AML showed lowest ILIRAP
protein intensities with some variation (Fig. 3A, CTSG
and ADGRGS5 Fig. S3B).

Exploration of ILIRAP expression in AML subtypes
was then pursued using single-cell RNA sequencing
data generated from 20 specimens of the AML surfa-
ceome cohort (Fig. 3C). These analyses confirmed that
NKt-AML expresses high ILIRAP levels (Fig. 3C). Fur-
thermore, ADGRGS is only expressed in a small percent-
age of cells, including in NKt-AML and CTSG shows a
higher expression in non-HSC-like NKt-AML cells.
Interestingly, a marked increase in ILIRAP expression
was observed in HSC-like AML cells compared to other
AML cell types in NKt-AML (Fig. 3C). Again, normal
BM-derived HSCs showed low IL1IRAP transcript levels,
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from the Leucegene AML surfaceome cohort. P values were calculated using the Wilcoxon test. B Single cell RNA expression of candidate antigens
along with ADGRGT in all cells (left) and CD34* HSC like cells (right) from NKt-AML samples and normal BM (data from the Human cell atlas). The
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and IL1IRAP expression profile was similar in BM HSCs
and other BM cell types (Fig. 3C, first 2 columns, and
Fig. S2B). By comparison, ADGRG1 showed a different
expression profile than ILIRAP in AML subgroups, and
was expressed by more primitive cells both in NKt-AML
and normal BM. These results suggest that ILIRAP is

preferentially expressed by primitive NKt-AML cells, an
observation not recapitulated in normal BM.

To further validate these findings, flow cytometry anal-
yses were conducted on a cohort of 76 randomly selected
primary human AML specimens which included 19
NKt-AML, 16 NK, 12 intermediate abnormal karyotype,
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of the Leucegene AML RNA-sequencing cohort (n=691). C Single-cell RNA expression of candidate antigens and ADGRG1 in normal BM
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19 complex karyotype and 10 RUNXI1-mutated AML
specimens. Results, presented in Fig. 3D, confirm that
NKt-AML expresses ILIRAP in a significantly greater
proportion of blasts than the other 4 AML subgroups

analyzed.

FLT3-ITD mutations associate with elevated IL1RAP

expression

To extend the investigation of ILIRAP expression pro-
file in AML subgroups and more precisely identify
patient characteristics associated with elevated ILIRAP
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expression, we performed transcriptome studies using
the entire Leucegene collection of 691 (table S4) primary
human AML specimens that included 69 NKt-AML
samples. These analyses show that ILIRAP is uniformly
expressed in NKt-AML specimens of the Leucegene
cohort and is significantly overexpressed by NKt-AML
compared to samples from other AML subgroups of the
collection (Fig. 4A, p= 6.4e- 16). Transcriptomic data
also confirmed that t(8;21) AML uniformly expresses
high levels of ILIRAP (Fig. 4B). We next performed
enrichment analyzes to identify additional features asso-
ciated with ILIRAP expression in the Leucegene cohort
using the MIiSTIC tool developed by our group [69].
These analyses revealed several associations between
specimen characteristics and elevated ILLRAP expression
(top 20% IL1RAP expressors vs others), with FLT3-ITD
representing the mutation most significantly associated
with ILIRAP expression (Fig. 4B-C and table S5) and
blood sample the most associated tissue. Importantly,
NKt-AML samples do not exhibit a clear association
with a specific tissue type, as evidenced by the compara-
ble distribution of blood (7= 34) and bone marrow (n=
35) samples. This observation implies that while blood-
sampled tissue may be associated with high ILIRAP
expression, the specific tissue type, whether blood or
bone marrow, does not appear to be a significant fac-
tor in ILIRAP NKt-AML association. In line with these
results, FLT3-ITD and NKt-AML showed significantly
higher ILIRAP levels than other specimens of the cohort
both at transcript and protein levels (Fig. 4D-E). A simi-
lar trend was also observed by flow cytometry analysis
(Fig. 4F). ILIRAP was also overexpressed by NKt-AML
compared to FLT3-ITD AML at the transcript level in
the Leucegene cohort, suggesting NPM1 and DNMT3 A
mutations might contribute to elevated ILIRAP expres-
sion (Fig. 4D). A similar trend was also observed by flow
cytometry analysis (Fig. 4F). Multivariate regression
analyses indicated that FLT3-ITD mutations represent
the most significant predictor of ILIRAP overexpres-
sion (Fig. 4G). Altogether, these results demonstrate that
FLT3-ITD mutations, either alone or in the context of

(See figure on next page.)
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NKt-AML, strongly associate with elevated IL1RAP
expression.

High IL1RAP expression predicts poor survival

and nonresponse to HSCT

The association between ILIRAP expression and AML
patient survival and response to hematopoietic stem cell
transplantation (HSCT) was next examined, as FLT3-
ITD mutations have been reported to associate with
decreased overall survival in NPM1-mutated/DNMT3
A-mutated AML [8]. For this purpose, we focused on the
intermediate-risk AML subset of the Leucegene cohort
of AML patients (n= 316, annotated according to the
2022 ELN classification [1]). This cohort of patients was
dissociated in two groups based on ILIRAP expression
and we observed that patients with ILIRAP expression
levels above the 3rd quartile display worst overall survival
(p< 0.01, HR =1.61 [95% CI, 1.17—2.24]) and relapse-
free survival (p= 0.02, HR =1.58 [95% CI, 1.08—2.30]),
censored at HSCT, than patients with ILIRAP expression
below the 3rd quartile (Fig. 5A-B). The impact of ILIRAP
expression at diagnosis was most striking for patients
that underwent allogenic HSCT as consolidation therapy.
Indeed, for this subgroup of 66 patients, high ILIRAP
expression strongly associated with reduced overall
survival (p< 0.01, HR =2.82 [95% CI, 1.35-5.89]) and
relapse-free survival (p= 0.01, HR =2.46 [95% CI, 1.23—
4.93], Fig. 5C-D). These results importantly highlight an
unmet medical need, that is the urgency to identify alter-
native therapeutic strategies for AML patients with ele-
vated IL1IRAP expression, as these patients do not appear
to benefit from standard chemotherapy or HSCT.

IL1RAP as a potential therapeutic target

As previously mentioned, ILIRAP was selected as a NKt-
AML antigen based on its potentially favorable safety
profile due to its limited expression in normal essential
organ tissues and hematopoietic cell populations (Fig.
S2). Provided that ILIRAP expression in normal hemat-
opoietic cells was mainly evaluated at the transcript level
in contrast to normal organ tissues, we wished to validate

Fig. 4 FLT3-ITD mutations associate with elevated IL1RAP expression. A IL1RAP transcript levels in NKt-AML and other specimens of the Leucegene
AML RNA-sequencing cohort (n=691). P value calculated with Wilcoxon test. B Enrichment analysis of specimen characteristics in top 20%
specimens with highest ILTRAP levels compared to other specimens of the Leucegene AML RNA-sequencing cohort. C Scatter plot of IL1RAP

and CD34 (log10 TPM +1). FLT3-ITD mutated samples are shown in red. D Transcriptomic analysis of ILTRAP expression in NKt-AML, FLT3-ITD AML
and samples from other AML subgroups of the Leucegene AML RNA-sequencing cohort. P values were calculated using the Wilcoxon test. E
ILTRAP protein intensity measured by surface proteomics in NKt-AML, FLT3-ITD AML and samples from other AML subgroups of the Leucegene
AML surfaceome cohort. P values were calculated using the Wilcoxon test. F Percentage of IL1RAP-expressing blasts determined by flow cytometry
in NKt-AML, FLT3-ITD and FLT3 WT AML specimens. Bars represent medians. P values were calculated using the Wilcoxon test. G Multivariate
regression analysis of IL1RAP transcript levels, regarding status of NPM1, DNMT3 A, FLT3-ITD, RUNX1, and TET2 mutation and all mutation

combination. P values were calculated using the Wilcoxon test
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Fig. 5 High ILTRAP expression predicts poor survival and nonresponse to HSCT. Overall survival (A&C) and relapse-free survival (B&D) censored
at HSCT (A&B) or post-HSCT (C&D) of intermediate-risk AML patients of the Leucegene cohort (n= 316, annotated according to the 2022 ELN
classification) according to IL1RAP transcript levels determined by RNA sequencing

these findings via flow cytometry analysis. Transcrip-
tome and single-cell RNA sequencing analyses revealed
preferential ILIRAP expression by committed hemat-
opoietic cell types such as granulocytes and neutrophils
from normal peripheral blood and BM samples (Fig.
S2B), limited expression by HSC-enriched cell popula-
tions from umbilical cord blood and normal BM, and
extremely low to undetectable levels in platelets [43, 60]
and T cells (Fig. 6A and Fig. S2B and S1). Flow cytom-
etry analysis of normal BM showed that approximately
15% of BM cells express ILIRAP, with ILIRAP expression
mostly limited to the CD34- fraction (Fig. 6A), consistent

with transcriptomic and single cell data showing ILIRAP
expression in normal hematopoietic cells (Fig. 6A and
Fig. S1). Only a minor subset of CD34 4+ cells expressed
ILIRAP at their surface and CD34 +CD45RA- HSC-
enriched populations expressed very low levels of ILIRAP
(Fig. 6A), as observed by transcriptomics (Figs. S1B). Fur-
ther dissection of the ILIRAP + population revealed that
this fraction co-expresses high levels of CD14, consist-
ent with transcriptomic data showing highest ILIRAP
expression in monocyte. Together these results suggest
that ILIRAP ablation may not provoke undue toxicity in
humans as primitive normal hematopoietic cells, platelet
and T cells express low to undetectable levels of ILIRAP.
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To establish ILIRAP as an actionable biological
target for NKt-AML cell elimination, we tested the
internalization potential of ILIRAP antibodies upon
IL1RAP binding at the surface of AML cells, which is
a pre-requisite for drug release by antibody-drug con-
jugates (ADCs). To achieve this, OCI-AML3 cells were
first incubated with anti-ILLRAP PE-conjugated pri-
mary antibodies and then stained with anti-PE APC-
conjugated secondary antibodies at various time points
(Fig. 6B). In the case of ILIRAP antibody internaliza-
tion, secondary antibody signal (APC) is expected to
decrease with time while primary antibody signal (PE)
should remain relatively constant (Fig. 6B). Results
show 50% reduction of secondary antibody signal
after 30 min, as opposed to 17% reduction of primary
antibody signal (Fig. 6C-D). These experiments dem-
onstrate that ILLRAP antibody is internalized upon
IL1RAP binding on AML cells, positioning ILIRAP as
a promising ADC target in AML. Next, we explored
the possibility of eradicating the AML5 cell line by
employing Antibody Drug Conjugate (ADC). This
approach utilized Nadunolimab (developed by Can-
targia, NCT06548230) as the primary antibody and
PNU-conjugated anti-hFc antibodies as the secondary
antibodies. The results revealed that the combination
of Nadunolimab and the PNU-conjugated secondary
antibody was effective in targeting and eliminating the
AMLS5 cell line. This potent effect was observed at a
notably low IC50 value of 0.041 nM. In contrast, when
the PNU-conjugated secondary antibody was used
alone, it exhibited a significantly higher IC50 value of
4.22 nM, indicating a substantially weaker cytotoxic
effect (Fig. 6E). An ILILRAP-negative control cell line
was also used (U266), and it demonstrated no response
to Nadunolimab with PNU-conjugated secondary anti-
body, with an IC50 value of 46.45 nM (Fig. S4).

These results strongly suggest that targeting ILIRAP
using ADC, could potentially serve as a highly effec-
tive therapeutic strategy for targeting and eradicating
NKt-AML.

(See figure on next page.)
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Discussion

NKt-AML is a disease that confers poor prognosis to
afflicted patients and hence represents an unmet medi-
cal need. Additionally, the poor prognosis associated
with NKt-AML continues to pose a significant challenge
to hematologists as NKt-AML is associated with a signifi-
cantly lower sensitivity to daunorubicin, commonly used
in combination with cytarabine in the 7+ 3 protocol [70].
Using surface proteomics and single-cell transcriptom-
ics, we identified ILIRAP as the most promising antigen
for immunotherapeutic targeting in AML. Importantly,
we demonstrated that primitive AML cells significantly
overexpress ILIRAP compared to normal BM-derived
HSCs, suggesting that ILIRAP targeting could potentially
spare normal BM HSCs. We show that ILIRAP expres-
sion associates with FLT3-ITD mutation occurrence and
might be enhanced by NPM1 and DNMT3 A mutations,
hence its predominance in NKt-AML. Furthermore, we
show that ILIRAP is internalized in leukemic cells upon
treatment with ILIRAP antibodies, paving the way for
therapeutic intervention with antibody—drug conjugates.
A recent paper by Zhang et al. describes a new ILIRAP-
specific T cell engager that depletes primitive leukemic
cells, further supporting the potential for ILLRAP as a
relevant AML target [29]. Our work nicely complements
this paper as it highlights a key AML subgroup in which
such therapy may be most effective. Likewise, the studies
by Deschamps and Ferrand and collaborators on CAR-T
targeting [71] of ILIRAP will benefit from companion
testing described herein.

Using single cell RNA sequencing data from a panel
of 20 primary AML specimens of various genetic/
cytogenetic subgroups, we could further determine that
IL1RAP may represent a good therapeutic target in other
AML subgroups including t(6;9) AML (only 2 specimens
tested) and those with core binding factor translocations.

IL1RAP overexpression has been described in hema-
tological cancers such as CML and AML, as well as
in solid tumors such as pancreatic ductal adenocar-
cinoma, Ewing sarcoma [51], glioma, triple negative
breast cancer, non-small cell lung cancer, stomach
adenocarcinoma, or cervical cancer [50]. In AML
cells, ILIRAP physically interacts with c-kit and FLT3,

Fig. 6 ILTRAP as therapeutic target. A ILTRAP expression in BM CD34-, MNC, CD34 + sorted population. B Schematic representation

of internalization assay. OCI-AML3 cells were stained with PE-conjugated ILTRAP antibodies at t= 0 min and incubated at 37 °C for indicated times.
Att=15 and 30 min, cells are stained with APC-conjugated anti-PE antibodies. Upon IL1RAP and PE-conjugated IL1RAP antibody internalization,
APC signal should decrease with time while PE signal should remain constant. C Flow cytometry analysis of OCI-AML3 cells at different time points
during internalization assay. P values were calculated using the Wilcoxon test. D Flow cytometry profile of anti-IL1RAP and anti-PE at different time
point. E Growth inhibition assay with AML5 treated with Nadunolimab with PNU-conjugated secondary antibody (n= 2), PNU (n= 2), IgG contro

I(n=2), secondary antibody only (n=1)
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inducing FLT3 phosphorylation and maintaining cel-
lular proliferation, making it an attractive target for
chemotherapeutic intervention. Indeed, IL1RAP
knockdown in primary AML cells is accompanied by a
reduction in clonogenicity, and BM cells from ILIRAP
knockout (ILIRAP-/-) mice transduced with MLL-AF9
fusion viruses show slower disease progression than
recipients of wild type cells transduced with the same
onco-vector [54]. While ILIRAP-blocking antibodies
demonstrated antiproliferative activity, their function
is overcome in the presence of FLT3-ITD mutations
where FLT3 is constitutionally active (phosphorylated)
[50]. These results argue that an ILIRAP blocking anti-
body might not achieve efficient AML cell elimination
in the context of NKt-AML as, by definition, these leu-
kemia harbor FLT3-ITD mutations. Hence our efforts
to demonstrate the feasibility of targeting IL1IRAP-
expressing AML cells with antibody—drug conjugates,
a mechanism solely dependent on ILIRAP expression
and not expected to be influenced by FLT3 status.

Although we demonstrate that ILIRAP is preferentially
expressed by NKt-AML, our results indicate that other
AML subgroups such as t(6;9) and t(8;21) AML express
relatively high levels of ILIRAP and might benefit from
immunotherapeutic strategies targeting ILIRAP. Consid-
ering that different ILIRAP-targeting agents have been
developed for several cancer indications (for example
Nadunolimab, a monoclonal ILIRAP antibody exhibit-
ing antibody-dependent cellular cytotoxicity and recep-
tor blocking activities, as well as CAR-T cells targeting
ILIRAP under early clinical development [71-73]), our
work will help position these novel therapies in AML
by identifying AML patients most likely to respond to
IL1IRAP-targeting immunotherapeutic strategies and
possibly provide logical grounds for combinatorial treat-
ments with existing agents.

Despite the significant findings of this study, several
limitations should be acknowledged. Our surface pro-
teome analysis was conducted on 100 primary AML
specimens, including only 12 NKt-AML samples. While
this represents a substantial achievement, a larger cohort
might provide additional insights into the heterogeneity
of antigen expression across and within AML subgroups
and a better statistic power. Additionally, flow cytometry
validation, while robust for NKt-AML, did not compre-
hensively cover all cytogenetic subgroups that showed
high ILIRAP expression in our omics analyses, particu-
larly t(8;21) and t(6;9) AML. Finally, in vivo ADC target-
ing assay in patient-derived xenograft models would be
valuable to fully assess efficacy and potential off-target
effects prior to clinical translation. Nevertheless, the inte-
gration of multiple omics approaches and flow cytometry
validation provides a robust foundation for identifying
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IL1IRAP as a promising target in NKt-AML with poten-
tial broader applications in other AML subtypes.

Conclusion

Through multi-omic analyses combining surface pro-
teomics, bulk RNA sequencing, and single-cell tran-
scriptomics, we establish that ILIRAP is preferentially
expressed in NKt-AML cells, particularly in the primitive
stem cell-like populations, while showing limited expres-
sion in normal bone marrow HSCs. This differential
expression pattern suggests a potentially favorable thera-
peutic window for targeting ILIRAP in NKt-AML. Our
findings reveal that elevated ILIRAP expression strongly
correlates with FLT3-ITD mutations and predicts poor
clinical outcomes, including reduced overall and relapse-
free survival in intermediate-risk AML patients. Notably,
high ILIRAP expression identifies patients who respond
poorly to hematopoietic stem cell transplantation, high-
lighting a need for alternative therapeutic strategies and/
or post-transplant consolidation therapies (e.g. ILIRAP
antibody) for this patient population. Antigen internali-
zation upon IL1RAP targeting suggests that ADC-based
targeting is potentially feasible. Beyond NKt-AML, our
analysis indicates that other AML subtypes, particularly
t(6;9) and t(8;21) AML, also express significant levels of
IL1IRAP, suggesting potential broader applications for
IL1RAP-targeted therapies. This work provides a ration-
ale for the clinical development of IL1IRAP-directed
therapies, particularly for patients with NKt-AML who
currently face limited therapeutic options and poor out-
comes with standard treatments.

Abbreviations

ADC Antibody-drug conjugate

ADCC Antibody-dependent cell cytotoxicity
AML Acute myeloid leukemia
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