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ABSTRACT
◥

Identifying mechanisms underlying relapse is a major clinical
issue for effective cancer treatment. The emerging understanding of
the importance of metastasis in hematologic malignancies suggests
that it could also play a role in drug resistance and relapse in acute
myeloid leukemia (AML). In a cohort of 1,273 AML patients, we
uncovered that the multifunctional scavenger receptor CD36 was
positively associated with extramedullary dissemination of leuke-
mic blasts, increased risk of relapse after intensive chemotherapy,
and reduced event-free and overall survival. CD36 was dispensable
for lipid uptake but fostered blast migration through its binding
with thrombospondin-1. CD36-expressing blasts, which were largely

enriched after chemotherapy, exhibited a senescent-like phenotype
whilemaintaining theirmigratory ability. In xenograftmousemodels,
CD36 inhibition reduced metastasis of blasts and prolonged survival
of chemotherapy-treated mice. These results pave the way for the
development of CD36 as an independent marker of poor prognosis
in AML patients and a promising actionable target to improve the
outcome of patients.

Significance: CD36 promotes blast migration and extramedullary
disease in acute myeloid leukemia and represents a critical target that
can be exploited for clinical prognosis and patient treatment.

Introduction
Acutemyeloid leukemia (AML) is a heterogeneous groupof diseases

characterized by uncontrolled proliferation of clonal neoplastic

hematopoietic precursor cells and impaired function of normal hema-
topoiesis, leading to neutropenia, anemia, and thrombocytopenia (1).
If untreated, patients die of infection, bleeding, or organ failure, usually
in a matter of weeks. Induction therapy, which combines 7 days of
cytarabine (AraC) and 3 of anthracycline, is highly effective in killing
leukemic cells, but despite a high rate of complete remission after these
cytotoxic agents, most patients relapse (2). In AML patient-derived
xenografts (PDX) in immunodeficient mice (nonobese diabetic scid
gammamouse, i.e., NSG) treated with AraC, we found CD36, a plasma
membrane receptor and fatty acid transporter, among the most
strongly upregulated genes in chemoresistant cells (3). In this study,
we investigated the clinical relevance of this observation and the
mechanisms by which CD36 expression may contribute to chemore-
sistance and relapse.

We and others have shown that AMLblasts are highly dependent on
fatty acid metabolism and oxidative phosphorylation (OXPHOS) to
bypass chemotherapy (3–5). In a number of tumors (6–8), an increased
CD36 expression has been found to support cancer cell metabolism
through the transport of fatty acids. However, CD36 is amultiliganded
receptor also binding molecules such as oxidized low-density lipo-
protein (oxLDL; ref. 9) or thrombospondins 1 and 2 (TSP1 and TSP2;
ref. 10), and CD36 is involved in a number of functions besides
metabolism, including angiogenesis, tumor immunity, and meta-
stasis (11–13). Metastatic cancers are largely resistant to treatments
as compared with primary tumor cells and represent themost frequent
cause of death in cancer patients. In solid cancers as in leukemia (8, 14),
metastatic niches provide a microenvironment that fuels cell metab-
olism, protecting tumor cells from stresses and chemotherapies.
Among the different mechanisms of relapse, the entry of leukemic
blasts into a senescent-like state is an important driver of chemore-
sistance and AML relapse (15). Senescent cells can stimulate tumor
progression through their senescence-associated secretory phenotype

1Centre de Recherches en Canc�erologie de Toulouse, Universit�e de Toulouse,
Inserm, CNRS, Toulouse, France. 2LabEx Toucan, Toulouse, France. 3Equipe
Labellis�ee Ligue Nationale Contre le Cancer 2023, Toulouse, France. 4Institute of
Metabolic and Cardiovascular Diseases, Team CERAMIC, INSERM, Paul Sabatier
University, UMR1297, Toulouse, France. 5Institut F�ed�eratif de Biologie (IFB),
CHU Toulouse, Toulouse, France. 6RESTORE Research Center, Universit�e
Toulouse Paul Sabatier, INSERM 1301, CNRS 5070, EFS, ENVT, Toulouse, France.
7McGill University, Rosalind and Morris Goodman Cancer Institute, Montr�eal,
Qu�ebec, Canada. 8McGill University, Department of Biochemistry, Montr�eal,
Qu�ebec, Canada. 9Centre de Recherche en Canc�erologie de Marseille, Aix-
Marseille Univ, Inserm, CNRS, Institut Paoli-Calmettes, 13009 Marseille, France.
10University of Toulouse, Toulouse, France. 11Centre Hospitalier Universitaire de
Toulouse, Institut Universitaire du Cancer de Toulouse Oncopole, Service
d’H�ematologie, Universit�e Toulouse III Paul Sabatier, Toulouse, France.
12Institute of Metabolic and Cardiovascular Diseases, Team MetaDiab, INSERM,
Paul Sabatier University, UMR1297, Toulouse, France. 13LabHPEC, Universit�e de
Toulouse, ENVT, Toulouse, France.

T. Farge and J. Nakhle contributed equally to this article.

F. Cabon, F. Vergez, and A. Carri�ere jointly supervised this article.

Corresponding Author: Audrey Carri�ere, RESTORE Research Center, Bâtiment
INCERE, 4bis avenue Hubert Curien, 31000 Toulouse, France. Phone: 3305-
3460-9513; E-mail: audrey.carriere-pazat@inserm.fr

Cancer Res 2023;83:2824–38

doi: 10.1158/0008-5472.CAN-22-3682

This open access article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

�2023 TheAuthors; Publishedby theAmericanAssociation forCancerResearch

AACRJournals.org | 2824

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-22-3682&domain=pdf&date_stamp=2023-8-17
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-22-3682&domain=pdf&date_stamp=2023-8-17


(SASP), which comprises proinflammatory and proinvasivemolecules
that can stimulate motility, invasion, and metastasis (16).

Until recently (17), because leukemic cells circulate in lymph and
blood as their normal counterparts do, leukemias were generally not
referred to asmetastatic diseases. However, the presence at diagnosis of
an extramedullary disease (EMD) in AML patients has been described
for decades, with an incidence ranging from2.5% (18) to 31% (19). The
prognostic significance of EMD in AML was found as of no value in
some studies (20), whereas others found EMD to convey a poor
prognosis, independent of other established risk factors (18, 19, 21, 22).
These discrepancies between studies partly result from the difficulty to
accurately score EMD. As recently shown in a multicenter cohort of
AML patients, EMD was significantly associated with a decreased
median overall survival (OS) and was predictive of a reduced even-free
survival (EFS) only when histology was added to the clinical exam-
ination (22). This highlights the need to better understand the molec-
ularmechanisms driving EMDand to identify reliable biomarkers. The
impact of EMD in AML relapse after chemotherapy also needs to be
deciphered.

Here, to uncover the molecular mechanisms behind dissemination
of leukemic blasts in extramedullary organs, we combined in vitro and
in vivo experiments using AML cell lines and patient cells, including
single-cell analysis, alongside a clinical study from a large cohort of
1,273 AML patients, some of whom have received an intensive
chemotherapy regimen and have been followed for at least three years.
Our findings highlight CD36 as an actionable driver of leukemic blast
metastasis and unravel newmechanisms contributing to AML relapse.

Materials and Methods
Patients

Inclusion criteria were newly diagnosed AML or relapse according
to the WHO 2008 classification and age 15 years or older. This study
included 1,273 patients admitted at the Hematology Department of
Toulouse University Hospital-IUCT-O and/or registered in the
regional oncology network from January 1, 2016, to December 31,
2020 [Toulouse University Hospital (TUH) cohort]. Data were gath-
ered in an electronic clinical research form. A written informed
consent was obtained from all patients in accordance with the Dec-
laration of Helsinki, allowing the collection of clinical and biological
data in an anonymized database. Samples from AML patients were
stored in the HIMIP collection (BB-0033-00060). In accordance with
French law, the HIMIP collection was declared to the Ministry of
Higher Education and Research (DC 2008-307 collection 1) and
obtained a transfer agreement (AC 2008-129) after approval by the
Comit�e de Protection des Personnes Sud-Ouest et Outremer II (ethics
committee).

Cytogenetic and molecular risk classifications were in accordance
with the Medical Research Council and ELN 2010 classifications,
respectively (23, 24).Details on treatmentwithfirst-line chemotherapy
regimen used over time have been reported elsewhere (25). The
decision-making process with regard to intensive or nonintensive
treatment was based on initial characteristics such as white blood cell
count, cytogenetics, age, secondary AML, performance status, and
comorbidities. EMD status was determined at AML diagnosis by
clinical examination.

Endpoints, including response, EFS, LFS, cumulative incidence of
relapse (CIR), andOS, were assessed according to standard criteria (1).
Bone marrow assessment in patients treated with intensive chemo-
therapy was performed after blood recovery or in case of delayed
recovery between days 35 and 45.

In vivo animal studies
NSG (NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ) mice were used for

the transplantation of AML cell lines or primary AML samples.
Mice were housed in sterile conditions using HEPA-filtered micro-
isolators and fed with irradiated food and sterile water in the
Animal core facility of the Cancer Research Center of Toulouse.
All animals were used in accordance with a protocol reviewed and
approved by the Institutional Animal Care and Use Committee of
R�egion Midi-Pyr�en�ees. Six- to 9-week-old male or female mice were
randomly assigned to experimental groups before cell injection or
drug treatments.

Primary patients sample phenotyping
Multiparameter flow cytometry was performed on whole bone

marrow (BM) or blood specimens using a standard stain–lyse–wash
procedure with ammonium chloride lysis. 1 � 105 cells were stained
per analysis tube (see antibody list in Supplementary Table S1), and
data were acquired on at least 1 � 104 blasts when specimen quality
permitted. Data on standardized 8- to 10-color staining combinations
were acquired on Navios instruments and analyzed using Kaluza
(Beckman-Coulter). A blast gate including CD45 dim mononuclear
cells was analyzed according to cytomorphologic data.

Xenograft mouse models
NSG mice were produced at the Genotoul Anexplo platform in

Toulouse (France), using breeders obtained from Charles River Lab-
oratories. To assess response to chemotherapy in PDX models, mice
(6–9-week-old) were sublethally treated with busulfan (30mg/kg)
24 hours before injection of leukemic cells. Leukemia samples were
thawed at 37�C, washed in IMDM 20% FBS, and suspended in Hank’s
Balanced Salt Solution (HBSS) at a final concentration of 2–10� 106

cells in 200mL for tail-vein injection; 8 to 18 weeks after AML cell
transplantation, once cell engraftment was confirmed by flow cyto-
metry on peripheral blood or BM aspirates, NSG mice were treated
with daily intraperitoneal injection of 60mg/kg AraC or vehicle (PBS)
for 5 days. AraC was kindly provided by the pharmacy of the TUH.
Mice were sacrificed on day 8 after AraC treatment to harvest human
leukemic cells from murine BM.

To establish CLDX,NSGmice were treated with busulfan (20mg/kg)
24hours before injection of AML cell lines. Cells were thawed and
washed as previously described, suspended in HBSS at a final concen-
tration of 0.2–2� 106 in 200mL before intravenous injection. Mice were
treated with daily intraperitoneal injection of 30mg/kg AraC for 5 days
(starting day 10 for U937 and day 17 for OCIAML3 after injection) and
sacrificed at day 8 or later as indicated. When indicated, mice received
concomitantly with AraC until sacrifice three times weekly an intrave-
nous injection of PBS (100 mL) containing either 5 mg of monoclonal
CD36Ab FA6.152 (Stem Cell Technologies 60084) or 5 mg of mouse
control IgG (StemCell Technologies 60070).Mice’ survival timewasalso
determined. All animals were used in accordance with a protocol
reviewed and approved by the Institutional Animal Care and Use
Committee of R�egion Midi-Pyr�en�ees.

14C palmitate uptake and oxidation assay
Cellswerepreincubated for3-hourwith [1–14C] palmitate (1mCi/mL;

PerkinElmer) and nonlabeled (cold) palmitate. Palmitate was coupled to
a fatty acid-free BSA in amolar ratio of 5:1. Following incubation, 14CO2

and 14C-ASM were measured as previously described (26). Briefly, the
assayed medium is transferred into a custom-made Teflon 48-well
trapping plate. The plate was clamped and sealed, and perchloric acid
was injected through the perforations in the lid into the medium, which
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drivesCO2 through the tunnel into an adjacentwell, where itwas trapped
in 1N NaOH. Following trapping, the media were spun twice and
14C-ASM was measured by scintillation counting. Aliquots of NaOH
and medium were transferred into scintillation vials, and radioactivity
was measured on a multipurpose scintillation counter (LS 6500; Beck-
man-Coulter). All assays were performed in triplicates, and data were
normalized to viable cell numbers.

RNA extraction and real-time RT-qPCR.
Total cell RNAwas isolated and extracted using the ZYMORNAkit

(Zymo). For mouse tissues, total RNA was isolated by Qiazol extrac-
tion and purified using RNeasyminicolumns (Qiagen). 300 to 1,000 ng
total RNA was reverse transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem 4368814), SYBR Green
PCR Master Mix (Applied Biosystem 4309155), and 300 nmol/L
primers on an Applied Biosystem (Massachusetts, United States)
StepOne instrument. Relative gene expression was determined using
the 2�DCTor 2�DDCTmethod and normalized tom36B4 or hRPLP0
expression as described in figure legends. Primer sequences are
provided in Supporting Information and Methods.

Migration assay
For migration assays, 24 mm diameter, 8 mm pore transwells

(Corning 353097) were used. Cell suspension in 0% FBS aMEM
medium was added in the upper chamber. The lower chamber was
filled with 500 mL of medium with or without 10% FBS. As indicated,
anti-CD36 blocking antibodies (1 mg/mL; FA6-152, Stem Cell Tech-
nologies 60084 or Cayman chemical JC63.1 10009893) and/or recom-
binant TSP1 (2 nmol/L; R&D Systems 3074-TH) were added in the
upper chamber. Leukemic cells were allowed to migrate at 37�C for
24 hours. Inserts were removed and cell concentration was measured
by cell counting with trypan blue coloration.

IHC
Subcutaneous adipose tissue samples were immediately immersed

in 10% neutral buffered formalin fixative after sampling for 24 hours
before storage in PBS at 4�C. After paraffin embedding, 3-mm
thickness paraffin sections were dewaxed (successive toluene and
descending alcohol baths) and stained with hematoxylin and eosin.
Labeling of 3-mm sections of paraffin-embedded adipose tissues
samples was performed after antigen retrieval (Ptlink low pH, ref-
erence K8005, Dako) for 30 minutes, using anti–human-specific
Ku-80 antibody (2753S Cell Signaling Technology, rabbit mono-
clonal antibody, dilution 1:150) and incubated for 50 minutes at
room temperature. Staining was carried out with Dakostainer
automated system using a biotinylated anti-rabbit antibody (ref-
erence ABK125 Microm) for 25 minutes at room temperature,
followed by HRP (1:150, 25 minutes room temperature) and DAB
as a chromogen. The stained slides were imaged by light micros-
copy on a Nikon Eclipse Ci-L microscope with a DS138 Fi3 Camera
and NIS Elements D software.

Publicly accessible transcriptomic databases of AML patients
used in this study

The following AML cohorts were used as indicated: Gene-Expression
Omnibus (GEO) accession no. GSE14468 (Verhaak cohort; ref. 27),
BeatAML cohort (28), and The Cancer Genome Atlas (TCGA)
cohort (29). FABM3 patients and patients who did not receive intensive
chemotherapywere removed for analysis. PatientswithOSvalue inferior
to 1 year but still alive were removed in Kaplan–Meier curves. Other
publicly accessible transcriptomicdatabases ofAMLpatients used in this

study were GSE40871, Klco and colleagues (30); GSE97631, Farge and
colleagues (3); GSE146544, Duy and colleagues (15).

Establishment of the CD36 gene signature
Global analysis of frequency versus genes on normalizedAffymetrix

data showed that CD36 expression followed a Pareto distribution in
TCGA and BeatAML databases, whereas it followed a normal distri-
bution in the Verhaak database. Only patients with nonzero CD36
expression were considered. In order to standardize the cutoff of
differential expression among the three databases and establish exper-
imental groups, based on a 95% confidence interval (i.e., P < 0.05) of
CD36 expression, patients with a z-score > 1.64 were categorized as
“high CD36” and < 1.64 as the “baseline group.”Welch t test of means
for difference in variances was performed between the two groups to
determine the differentially expressed genes. Then, data points were
filtered to preserve overexpressed genes with a P < 0.05 in the high
CD36 (positive “statistic”) group. Corresponding test statistic values
were then listed in decreasing order. Gene symbols were assigned
unique Ensembl IDs to mitigate redundancies from gene synonyms
and awkward formatting. The top 1,000 genes in each database were
used to select the common genes among the different databases.

Statistical analysis
For univariate survival analyses of OS and LFS in patients, Kaplan–

Meier survival curves were drawn and differences in survival functions
were tested using the log-rank test. Univariate survival analyses used
cumulative incidence functions and Gray’s test for relapse (CIR),
because nonrelapse mortality was treated as competing events. Hazard
ratios (HR) and 95% confidence intervals (CI) were assessed using a
standard Cox model for OS and EFS and a proportional subdistribu-
tion hazard model, which is an extension of the Cox model for the
situation of competing risks, for CIR. All reported P values were two-
sided and the significance threshold was < 0.05. Statistical analyses
were performed on STATA version 13 (STATA Corp).

We assessed the statistical analysis of the difference between two sets
of data using a two-tailed (nondirectional) nonparametric Mann–
Whitney test or unpaired test according to samples distribution, with
orwithoutWelch correction depending on samples variance. For graphs
with control condition normalized to 1, we used a one-sample t test
with a hypothetical value set to 1. For multiple comparisons, one-way
ANOVA or two-way ANOVA were performed with multiple compar-
ison tests. For paired tests, theWilcoxon test was used. For contingency
analysis of clinical data,we addressed Fisher exact test on rawdata before
normalization in percentages. For survival analyses, we used log-rank
(Mantel–Cox) test. Analyses were performed using GraphPad Prism
(v9). A P value of less than 0.05 indicates significance. �, P< 0.05;
��, P< 0.01; ���, P< 0.001; ����, P< 0.0001; ns, not significant.

Data availability
All raw data generated in this study are available upon request from

the corresponding author. The data analyzed in this study were
obtained from GEO at GSE14468, GSE40871, GSE97631, and
GSE146544. Data from the BeatAML study were obtained from
http://www.vizome.org, and TCGA AML data set (29) was obtained
from https://cbioportal.org.

Results
CD36 is an independent prognostic marker of AML progression

To study if CD36 has a clinical prognostic value, wemeasured CD36
protein expression by flow cytometry in AML blasts of 1,273 AML
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patients from the TUH. Based on the percentage of blasts expressing
CD36 at diagnosis, AML patients were stratified as CD36-high (CD36-
expressing blasts ≥ 20%, 407/1273, 32%) versus CD36-low (Fig. 1A).
In this cohort, 435 AML patients were treated with an intensive
chemotherapy regimen combining 3 days of daunorubicin or 5 days
of idarubicin and 7 days of cytarabine. Although several features
impact patients’ prognosis, as already well described (1), a multivariate
analysis revealed that CD36 was significantly associated with a worse
EFS (HR: 1.55; 95% CI: 1.17–2.05, P ¼ 0.002), and a worse OS (HR:
1.69; 95% CI: 1.18–2.41, P ¼ 0.005; Table 1). Median EFS of CD36-
high patients was half that of CD36-low patients (252 days vs. 538 days,
respectively; HR:1.65, P < 0.0001; Fig. 1B), whereas median OS, which
was 462 days in CD36-high patients, was not reached after 3 years in
CD36-low patients (HR: 1.88, P < 0.0001; Fig. 1C). Furthermore, a
high CD36 protein expression at diagnosis was associated with an
increased CIR after intensive chemotherapy (Fig. 1D), and a multi-
variate analysis showed that a high expression of CD36 was associated
with a shorter CIR (SHR: 1.53; 95% CI: 1.07–2.19, P ¼ 0.02; Table 1).
We next characterized the molecular and cytogenetic profile of
patients exhibiting a high percentage of CD36-expressing blasts.
Consistent with ourfindings, intermediate andunfavorable karyotypes
had a higher percentage of CD36-expressing blasts (Fig. 1E). To
provide an overview of the genomic landscape of CD36 AML clusters,
we plotted targeted NGS data from 224 AML patients to examine the
co-occurrence of mutations. We also calculated odds ratios for recur-
rent cytogenetic abnormalities. A comparison of the genomic land-
scape in 224 AML did not reveal a pattern related to CD36 expression,
except for FLT3 abnormalities (Fig. 1F andG). We next examined the
set of recurrent karyotype abnormalities (n ¼ 1,202) showing an
enrichment of AML with KMT2A (11q23) or t(9;22) abnormalities
in CD36-high group and an increase in t(15;17) and t(8;21) AML in
CD36-low group (Fig. 1H).

Altogether, these clinical findings obtained on a large patient cohort
reveal that a high percentage of blasts expressing CD36 at diagnosis is
an independent prognostic marker of disease progression, thus war-
ranting the study of CD36’s contribution to AML progression and
relapse.

CD36 inhibition delays AML relapse after chemotherapy
Using additional PDX, we confirmed our previous observation (3)

that AraC treatment in vivo induced a sustained increase in CD36
expression at the plasma membrane of residual AML blasts (Supple-
mentary Fig. S1A and S1B). To decipher whether CD36 is a promoter
or a consequence of AML progression and relapse, we performed
experiments using two human AML cell lines strongly expressing
CD36 protein i.e., U937 and OCIAML3, U937 exhibiting two distinct
subpopulations expressing low and high levels of CD36 at baseline,
whereas OCIAML3 cells do not exhibit such phenotypical heteroge-
neity (Supplementary Fig. S1C). In both models, treating cells with
AraC in vitro increased CD36 protein expression (Supplementary
Fig. S1D). Using shRNA, we knocked-down CD36 and then engrafted
these cells or their control counterparts into NSG mice. After engraft-
ment, mice were treated with vehicle or AraC for 5 days, and survival
experiments were performed. In both models, knocking down CD36
did not affect the OS of untreated mice (data not shown) but
significantly increased the survival of AraC-treated mice (Fig. 2A
and B). We then asked if CD36 inhibition might have a therapeutic
potential once the disease was established. To this aim, we engrafted
mice with U937 cells, and 10 days later randomized mice into four
groups receiving vehicle only, AraC only, FA6-152 anti-CD36 block-
ing antibody only, or a combination of AraC and CD36 antibody.

Whereas inhibition of CD36 did not increase theOS in untreatedmice,
AraC increased mice survival, and importantly, adding a CD36
antibody to AraC further significantly prolonged mice survival
(Fig. 2C). Of note, neither CD36 knockdown with shRNA nor its
inhibition with the FA6-152 blocking antibody affected the number of
viable blasts (Supplementary Fig. S1E–S1H). Together, these data
unveil a new therapeutic modality to potentialize chemotherapeutic
effects, delaying the time to relapse.

We then questioned the mechanisms behind CD36-dependent
relapse after chemotherapy.We first hypothesized that CD36mediates
lipid transfer in leukemic blasts. Surprisingly, CD36 silencing by
shRNA, which reduced CD36 protein expression in basal as well as
in AraC-treated cells (Supplementary Fig. S1I–S1K), did not affect cell
neutral lipid content, measured by Bodipy staining (Supplementary
Fig. S1L–S1M). Treatment with JC63.1 CD36 antibody, which blocks
fatty acid and oxLDL uptake (31, 32), or with FA6-152 CD36 antibody,
which in addition inhibits CD36 binding to TSP1/2 (33–36), both
failed to affect lipid content (Supplementary Fig. S1N–S1O). Invali-
dation of CD36 using siRNA or FA6-152 CD36 blocking antibody did
not affect 14C-palmitate uptake and oxidation (Supplementary
Fig. S1P–S1AA), suggesting that CD36 is dispensable for lipid uptake
in AML blasts.

To further investigate the role of CD36 in AML blast biology, we
generated a CD36 gene signature comprising 249 genes that were all
highly expressed along with CD36 in transcriptomic data from three
AML patient databases (Fig. 2D; Supplementary Table S2). Interest-
ingly, this signature was enriched in primary AML cells treated with
AraC compared with control cells in two different databases
(GSE40871, ref. 30; GSE146544, ref. 15), consistent with our previous
observations (GSE97631, ref. 3; Fig. 2E).

CD36 triggers blast migration
A Gene Ontology (GO) analysis of the above-defined CD36

signature highlighted an enrichment in migration and adhesion
processes (Fig. 3A), including the GO term “positive regulation of
mononuclear cell migration” (Supplementary Fig. S2A), whereas no
enrichment for GO terms related to lipid transport and metabolism
was found (data not shown). Considering that CD36 involvement in
metastasis is described in several tumors (6, 12, 37), we hypothesized
that CD36 could drive leukemic blast migration. Knocking down
CD36 with shRNA or siRNA decreased AML cell migration (Fig. 3B;
Supplementary Fig. S2B and S2C). FA6-152 CD36 blocking anti-
body, but not JC63.1 antibody, significantly decreased U937 and
OCIAML3 migration (Fig. 3C; Supplementary Fig. S2D). In fresh
patient samples, FA6-152 antibody decreased migration (Fig. 3D).
FA6-152 antibody blocks the binding of CD36 to its ligand TSP1,
which is well known to promote cell migration in various tumor
models (38–40). Invalidation of TSP1 using shRNA (Supplementary
Fig. S2E and S2F) decreased migration of U937 (Fig. 3E) as well as of
OCIAML3 cells (Supplementary Fig. S2G). Adding A6.1 anti-TSP1
antibody also decreased U937 and OCIAML3 cell migration, and
noteworthy, CD36 knockdown with shRNA abolished this effect
(Fig. 3F; Supplementary Fig. S2H). Conversely, recombinant TSP1
increased the migration of both U937 and OCIAML3 cells. This
effect was hampered by the addition of CD36 blocking antibody
(Fig. 3G; and Supplementary Fig. S2I), indicating that TSP1 pro-
motes cell migration through its binding to CD36. As observed with
FA6-152 anti-CD36 antibody, A6.1 TSP1 blocking antibody inhib-
ited migration of fresh patient cells (Fig. 3H). Together, these data
highlight that CD36 fosters AML blast migration, at least in part
through its binding to TSP1.
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Figure 1.

CD36 expression in blasts at diagnosis
is associated with human AML pro-
gression and relapse. A, AML patients
from the TUH cohort (1,273 patients)
were classified as low and high CD36
expressers (CD36-expressing blasts
<20%, low, n¼ 866 and CD36-expres-
sing blasts ≥20%, high, n ¼ 407).
B, Kaplan–Meier curve for event-free
survival according to CD36 expres-
sion (CD36 low, n ¼ 298; CD36 high,
n ¼ 136). C, Kaplan–Meier curve for
overall survival according to CD36
expression (CD36 low, n¼ 298; CD36
high, n ¼ 136). D, Cumulative inci-
dence of relapse according to CD36
expression (CD36 low, n¼ 254; CD36
high, n ¼ 105). B–D, log-rank test.
E, Box plot of CD36 expression on
blasts according to cytogenetic risk
(n ¼ 1,191). Box plot shows the 10th
percentile, first quartile, median, third
quartile, and 90th percentile. Mann–
Whitney test was performed. F, Land-
scape of somatic mutations detected
in diagnostic samples (n ¼ 224) by
sequencing with a panel of 52 genes.
The number of mutations for each
patient is shown at the top, whereas
the frequencies of each mutation are
located at the right. G, Forrest plot
showing mutation enrichment at AML
diagnosis based on blast CD36 level by
logarithmicodds ratio.Fisherexact test
was performed (P ¼ 0.029 for FLT3).
H, Forrest plot showing enrichment
of recurrent cytogenetic anomalies
at AML diagnosis according to CD36
expression by logarithmic odds ratio.
Fisher exact test was performed
(P < 0.0001 for t(15;17); P ¼ 0.0008
for t(9;22); P ¼ 0.0002 for t(8;21);
P ¼ 0.044 for t(11q23;x)). The circles
(in the middle of the error bars)
represent the odds ratios. The error
bars represent 95% confidence
interval of the odds ratio. �, P < 0.05;
��� , P < 0.001; ���� , P < 0.0001.
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Table 1. Multivariate analysis of the TUH cohort.

HR/robust SHR (CIR) (95% CI) Std. Err. z P>|z| Statistical analysis

Event-free survival CD36 1.55 (1.174–2.051) 0.22 3.09 0.002 ��

Age > 60 years 1.64 (1.222–2.192) 0.24 3.3 0.001 ��

WBC > 50 G/L 1.85 (1.314–2.591) 0.32 3.54 0.000 ���

Allo-SCT 0.52 (0.375–0.709) 0.08 �4.09 0.000 ���

Favorable cytogenetics 0.61 (0.361–1.03) 0.16 �1.85 0.064 ns
Adverse cytogenetics 1.34 (0.955–1.892) 0.23 1.7 0.090 ns
FLT3-ITD mutation 1.31 (0.938–1.832) 0.22 1.59 0.113 ns
NPM1 mutation 0.55 (0.394–0.775) 0.10 �3.43 0.001 ��

AML secondary status 1.53 (1.134–2.06) 0.23 2.78 0.005 ��

Overall survival CD36 1.69 (1.176–2.418) 0.31 2.84 0.005 ��

Age > 60 years 1.39 (0.947–2.036) 0.27 1.68 0.093 ns
WBC > 50 G/L 1.84 (1.192–2.833) 0.41 2.76 0.006 ��

Allo-SCT 0.30 (0.187–0.47) 0.07 �5.17 0.000 ���

Favorable cytogenetics 0.45 (0.203–1.003) 0.18 �1.95 0.051 ns
Adverse cytogenetics 1.41 (0.903–2.204) 0.32 1.51 0.131 ns
FLT3-ITD mutation 1.46 (0.964–2.216) 0.31 1.79 0.074 ns
NPM1 mutation 0.61 (0.394–0.941) 0.14 �2.23 0.026 �

AML secondary status 1.85 (1.272–2.697) 0.36 3.22 0.001 ���

Cumulative incidence of relapse CD36 1.53 (1.07–2.193) 0.28 2.33 0.020 �

Age > 60 years 1.54 (1.088–2.192) 0.28 2.43 0.015 �

WBC> 50 G/L 1.57 (1.008–2.458) 0.36 1.99 0.046 �

Allo-SCT 0.77 (0.519–1.128) 0.15 �1.35 0.177 ns
Favorable cytogenetics 0.76 (0.451–1.29) 0.20 �1.01 0.312 ns
Adverse cytogenetics 0.86 (0.524–1.424) 0.22 �0.57 0.566 ns
FLT3-ITD mutation 1.19 (0.763–1.869) 0.27 0.78 0.437 ns
NPM1 mutation 0.67 (0.437–1.014) 0.14 �1.9 0.058 ns
AML secondary status 1.37 (0.921–2.05) 0.28 1.56 0.120 ns

Note: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
Abbreviations: Allo-SCT, allogeneic stem-cell transplantation; WBC, white blood cells.

Figure 2.

CD36 inhibition delays AML relapse after chemotherapy. A, Percentage of mice engrafted with U937 cells transduced with shCtrl (n ¼ 11) or shCD36 (n ¼ 11) and
treatedwith vehicle or AraC, surviving over time after treatment.B, Same asA, with OCIAML3 [shCtrl (n¼ 18) and shCD36 (n¼ 22)].C, Percentage ofmice engrafted
withU937 cells surviving over time after treatmentwith the indicated combinations of PBS orAraC administered for the first 5 days,with either control IgGor FA6-152
anti-CD36 antibody injected three times/week (n ¼ 7 PBS-IGG; n ¼ 7 PBS-anti-CD36; n ¼ 7 AraC-IGG; n ¼ 6 AraC-anti-CD36). D, Venn diagram of significantly
cooverexpressed genes alongwith CD36 in TCGA, Verhaak, and BeatAML cohorts. E,Gene set enrichment analysis of CD36 gene signature in AraC versus untreated
AML blasts from three different transcriptomic analyses.A–C, log-rank (Mantel–Cox) test. E,One sample t test. � , P <0.05; �� , P <0.01; ��� , P <0.001; ���� , P <0.0001;
ns, not significant.
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Figure 3.

CD36 triggers blast migration. A, GO analysis of migration-related biological processes significantly enriched in the CD36 gene signature. B, Number of migrating
shCtrl or shCD36 U937 cells in the lower chamber of the transwell assay (normalized to control; n ¼ 5). C, As in B, but with CD36-blocking antibodies (FA6-152 or
JC53.1; n¼ 4). D, Number of migrating cells in primary AML samples treated or not with CD36 blocking antibody (FA6-152; n¼ 7). E, Number of migrating shCtrl or
shTSP1 U937 cells (normalized to control; n¼ 3). F,Number of migrating shCtrl or shCD36 U937 cells treated or not with TSP1-blocking antibody (A6.1; normalized to
shCtrl; n ¼ 5). G, Number of migrating U937 cells treated or not with recombinant TSP1 in the presence or not of CD36-blocking antibody (FA6-152; normalized to
control; n¼ 3).H,As inD,butwith TSP1-blocking antibody (A6.1; n¼ 5). I,Bioluminescence imaging ofmice injectedwith the indicatedAML cell line stably expressing
a luciferase reporter from day 1 to day 64 after injection. J, Representative histologic section showing anti-human Ku-80 labeling of U937 AML blasts in the
subcutaneous adipose tissue 17 days after xenograft. Positive brown nuclei highlight the infiltration of human blasts in murine adipose tissue either as
dense infiltrate (top) or scattered isolated cells (bottom). Top scale bar, 50 mm; bottom, 10 mm. K, Percentage of viable OCIAML3 cells in the indicated
tissues 14 days after orthotopic injection in the femur. L, Expression of CD36 [mean fluorescence intensity (MFI)] in viable OCIAML3 cells measured in the
injected and contralateral femur and different organs of mice 14 days after orthotopic injection. Values are represented as mean � SEM. B, C, and E, One
sample t test. D and H, Paired t test. F and G, Ordinary one-way ANOVA with Tukey multiple comparisons test. L, Matched one-way ANOVA. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; ns, not significant.
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Because migration is usually associated with metastasis in solid
tumors, we asked whether blasts could migrate and localize into
extramedullary organs. To visualize AML cell distribution in vivo, we
injected a large panel of bioluminescent AML cell lines into NSGmice.
In all models, AML cells localized throughout the body as shown by the
acquisition of bioluminescence in mice during the time course of AML
progression, and on isolated organs at sacrifice (Fig. 3I; Supplementary
Fig. S2J and S2K). Analyses of human-specific CD45 expression by RT-
qPCR in NSG mice grafted with U937 cells confirmed the presence of
human blasts in the BM, but also in different organs including the
spleen, perigonadal adipose tissues, and liver (Supplementary Fig. S2L).
IHC using a human-specific anti–Ku-80 antibody showed that AML
blasts present in subcutaneous adipose tissueswere scatteredwithin the
stroma, closely surrounding adipocytes (Fig. 3J), ruling out that the
PCR results corresponded to blasts present in blood vessels. To further
rule out that these extramedullary localizations might result from an
experimental bias linked to the intravenous modality of blast injection,
we injected OCIAML3 cells orthotopically into the right femur of NSG
mice. Flow cytometry analyses revealed the presence of human CD45þ

blasts in the contralateral femur, but also in the spleen, subcutaneous
adipose tissue, perigonadal adipose tissue, and lung (Fig. 3K). This
tissue distributionwas comparablewith that observed after intravenous
injection of OCIAML3 cells (Supplementary Fig. S2M), establishing
that leukemic cells are able to migrate out of the BM and engraft into
distant locations. Interestingly, CD36 expression was increased in cells
that hadmigrated from the site of injection, as shown comparing blasts
from the BM of injected femurs to contralateral femurs and extra-
medullary organs excepting lungs (Fig. 3L). In addition, we pretreated
OCIAML3 cells with IGG or FA6-152 anti-CD36 antibody, injected
these cells intravenously into NSG mice, which were then treated with
either IGG or FA6-152 antibody. Ten days later, whereas untreated
control cells started engrafting in the BM, perigonadal adipose tissue
(PGAT), liver and lungs, minimal to no engraftment was detected in
mice injected with FA6-152 pretreated cells (Supplementary Fig. S2N),
suggesting that even in the absence of chemotherapy, CD36 is required
for AML cell extravasation and migration. Altogether, these results
establish that AML blasts can migrate from the BM into different
organs in xenograft models.

Residual blasts maintained their migratory properties after
chemotherapy

We observed that treating cells with AraC increased CD11b, CD14,
CD15, and CD44 protein expression levels (Fig. 4A; Supplementary
Fig. S3A), consistent with an AraC-induced partial differentiation of
blasts toward a monocytic phenotype. Monocytes are particularly
endowed with migratory capacities, and interestingly, a “bonemarrow
monocyte” gene signature was enriched in primary AML cells treated
with AraC as compared with control cells in three databases
(GSE40871, ref. 30; GSE97631, ref. 3; GSE146544, ref. 15; Fig. 4B).
We thus questioned the migration ability of blasts bypassing chemo-
therapy. Although to a lesser extent than in control conditions, U937
cells that survived 4 days of AraC treatment were still able to migrate,
and, noteworthy, in both control- and AraC-treated cells, CD36
blocking antibody FA6-152 decreased migration (Fig. 4C). We then
studied the ability to migrate of viable CD36-high cells sorted after
4 days of treatment with AraC. Although about 83% of U937 cells died,
the percentage of living CD36-positive cells increased from 70% in
untreated cells up to 90% in resistant ones and very fewCD36-low cells
survived, precluding their analysis (Fig. 4D). CD36 expression was
strongly increased in migrating compared with nonmigrating cells in
both control and AraC-treated CD36-positive U937 cells (Fig. 4E and

F). CD36-expressing blasts migrated more efficiently than CD36-
negative cells in control condition, and, even though AraC partially
decreased theirmigration, CD36-high cells were still efficientlymigrat-
ing, similarly to untreated CD36-low cells (Fig. 4G).

We next engrafted mice with control or CD36 knocked-downU937
cells, treated mice with AraC for 5 days, and once disease relapse had
translated into clinical signs, the presence of blasts was evaluated in
different organs. At relapse, CD36 knockdown had increased the
tumor burden in the BM (Fig. 4H), whereas it had reduced it in the
spleen (Fig. 4I) and in several extramedullary tissues (Fig. 4J–M),
albeit not in the liver (data not shown). Thus, the increased time to
relapse in mice cotreated with chemotherapy and CD36 inhibition
(Fig. 2A–C) likely does not result from a blast reduction in the BM but
from a decreased blast dissemination into extramedullary organs.

Senescent-like state induced by cytarabine chemotherapy
occurs specifically in CD36-high AML blasts

We observed that AraC treatment increased both cell size and
granularity, two common features of senescent cells, and noteworthily,
this increase almost exclusively occurred within the CD36-high viable
cell population (Fig. 5A and B). In addition, senescence in AraC-
treated cells translated into an increasedb-galactosidase activity, which
also occurred selectively in CD36-high cells, as measured by a 2.5-fold
increase in C12FDG fluorescence (Fig. 5C and D). To confirm these
data, we treated U937 cells for 4 days with PBS or AraC, sorted viable
CD36-high and -low cells, and analyzed the expressions of several
cyclin-dependent kinase inhibitors (P21, P16, and P15), as well as that
of cytokines of the SASP (CCL2, IL1b, and TNFa). As previously
(Fig. 4D), the very small number of CD36-low cells surviving after
AraC treatment hindered these analyses. Expressions of all these well-
established senescence markers were markedly increased by AraC
treatment in CD36-high cells (Fig. 5E). Similarly, size, granularity,
b-galactosidase activity, and expressions of senescentmarkers, were all
increased in chemoresistant OCIAML3 cells after 4 days of treatment
with AraC (Supplementary Fig. S3B–S3D), specifically in CD36-high
cells (Supplementary Fig. S3B and S3C). Interestingly, we found that
TSP1mRNA,whichwas found to be part of the SASP (41),was strongly
increased byAraC (Fig. 5E; Supplementary Fig. S3D), especiallywithin
the CD36-high population (Fig. 5E). Of note, blocking CD36 with
FA6-152 antibody did not alter AraC-induced increase in b-galacto-
sidase activity of U937 or OCIAML3 cells (Fig. 5F; Supplementary
Fig. S3E). However, a significant decrease in SASP-related genes TNFa
and TSP1 mRNA level was observed in U937 cells, although no
significant effect was observed regarding the expressions of other
senescent markers (Fig. 5G–M).

To decipher if senescence-like state and migration are functionally
related, we compared the senescent profile of AraC-treated migrating
and nonmigrating cells. After 4 days of AraC or vehicle treatment,
viable U937 cells were FACS-sorted and submitted to migration assay.
In AraC-treated condition, b-galactosidase activity was increased
in cells that had migrated compared with nonmigrating cells (Sup-
plementary Fig. S3F–S3G), whereas no difference was found regarding
expressions of CDKi- and SASP-related genes (data not shown).
These data suggest that chemotherapy-resistant cells that migrate
preserve their senescent-like profile and can even increase senes-
cence-associated b-galactosidase activity. Together, these results show
that chemotherapy increases the expressions of CD36 and its ligand
TSP1 in blasts that retain their migration ability and triggers a
senescent-like phenotype specifically in CD36-high blasts, suggesting
that senescent-like state and migration properties coexist within
CD36-high blasts bypassing chemotherapy.
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Single-cell transcriptomic analysis reveals enrichment of CD36-
high,migration and senescence-like gene signatures in a cluster
emerging after standard chemotherapy

We next asked whether primary AML patient cells persisting after
chemotherapy also exhibit a senescent-like state associated with
migration in vivo. To this aim, we analyzed the transcriptomes
of more than 30,000 single viable AML cells from a PDX model
(TUH07, ref. 42; Fig. 6A). The Seurat-based unsupervised hierarchical

clustering analysis uncovered 8 distinct clusters before (PBS) and after
AraC treatment (Fig. 6B). Although the cell count within each cluster
varied before and after AraC treatment, cluster 8 exhibited the highest
increase in cell count after AraC treatment (Supplementary Table S3).
A detailed analysis of cluster 8 revealed heterogeneity within this
cluster, which consisted of two subclusters exhibiting either high or low
expression of the CD36 gene signature (Fig. 6C). Strikingly, the
subcluster highly expressing the CD36 gene signature was significantly

Figure 4.

Residual blasts maintained their migratory properties after chemotherapy. A, CD11b, CD14, CD15, and CD44 cell-surface expression in viable control or AraC-treated
(2 mmol/L) U937 cells for 96 hours (n¼ 4). B, Gene set enrichment analysis of “HAY_BONE_MARROW_MONOCYTE” gene signature in AraC versus untreated AML
samples from three different transcriptomic analyses. C, Number of migrating cells in the presence or absence of CD36-blocking antibody (FA6-152) sorted from
control or 2 mmol/L AraC-treated cells for 4 days (normalized to control; n ¼ 3). D, Percentage of viable CD36-low and CD36-high cells in PBS or 2 mmol/L AraC-
treated U937 cells for 4 days (n¼ 4). E, Representative histograms of CD36 expression in nonmigrating versus migrating CD36-low and CD36-high subpopulations
sorted fromcontrol orAraC-treatedU937 cells (2mmol/L) for 4 days. Plain histogram, nonmigrating cells; striped histogram,migrating cells.F,Quantification of CD36
expression in nonmigrating versusmigrating cells in the same conditions as in E (n¼ 3).G,Number of migrating cells fromCD36-low and CD36-high subpopulations
sorted from control or 2 mmol/L AraC-treated U937 cells for 4 days (normalized to Ctrl CD36-low cells; n¼ 3). H and I,Quantification in the BM (H) and spleen (I) of
viable U937 cells transduced with shCtrl (n ¼ 9) or shCD36 (n ¼ 9) in mice relapsing after AraC treatment. J–M, Quantification of U937 cells by RT-qPCR (hCD45
mRNAnormalized tom36B4) in SCAT (J), PGAT (K), lung (L), and kidneys (M) inmice relapsing after AraC treatment. Data expressed as 2�DCT (valuesmultiplied by
1,000; n¼ 4–5 shCtrl, n¼ 5–7 shCD36). Values are represented asmean� SEM.A,Mann–Whitney or unpaired t test depending on sample distribution.B,Unpaired t
test. C andG,Ordinary one-way ANOVAwith Tukeymultiple comparisons test. F,Ordinary two-way ANOVAwith multiple comparisons correction. H–M,Unpaired t
test with or without Welch correction depending on sample variance. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; ns, not significant.
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Figure 5.

Senescent-like state induced by cytarabine chemotherapy occurs specifically in CD36-high AML blasts. A and B, FSC/SCC analysis on gated CD36-low
and CD36-high cells from U937 treated or not with 2 mmol/L AraC for 4 days (n ¼ 4). C, Representative histogram of C12FDG staining on gated CD36-low
and CD36-high cells from U937 treated or not with 2 mmol/L AraC for 4 days. D, Quantification of C12FDG staining performed in C (normalized to control
CD36-low cells; n ¼ 4). E, Expression of senescence-associated genes measured by RT-qPCR in CD36-low and CD36-high subpopulations sorted from control
or 2 mmol/L AraC-treated U937 cells for 4 days (normalized to Ctrl CD36-low cells). mRNA of the gene of interest normalized to the housekeeping gene;
data expressed as 2DDCt (n ¼ 4). F, C12FDG staining on U937 cells treated or not with 2 mmol/L AraC and CD36 blocking antibody (FA6-152) for 4 days.
G–M, Expression of senescence-associated genes measured by RT-qPCR in 2 mmol/L AraC-treated U937 cells with or without CD36 blocking antibody
(FA6-152) for 4 days (normalized to AraC-treated cells). mRNA of the gene of interest normalized to the housekeeping gene; data expressed as 2DDCt (n ¼ 5).
Values are expressed as mean � SEM. B, Unpaired t test. D, E, and F, Ordinary one-way ANOVA with Tukey multiple comparisons test. G–M, One sample
Wilcoxon or t test depending on sample distribution. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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Figure 6.

Single-cell transcriptomic analysis reveals enrichment of CD36-high, migration, and senescence-like gene signatures in a cluster emerging after standard
chemotherapy. A, Schematic representation of the single-cell RNA-seq experiment performed on the TUH07 PDX previously published in Bosc et al. 2021 (GEO
accession GSE178910; ref. 42).B,UniformManifold Approximation and Projection (UMAP) plot of 31,604 single cells fromPDX TUH07 using Seurat. Colors indicate k-
means clusters (k ¼ 9).C,Cluster 8was isolated on the Seurat object and bifurcated into twogroups “CD36-high” and “CD36-low” according to the enrichment level
for the CD36 gene signature. Expression levels of gene sets related to senescence (FRIDMAN_SENESCENCE_UP) and migration (WU_CELL_MIGRATION) are
shown.
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enriched in gene sets related to both senescence and migration
processes, with a large proportion of cells exhibiting a strong overlay
between the two signatures (Fig. 6C). Correlation plots emphasized
the global colinearity among CD36, migration, and senescence across
all cells, whereas the cluster 8 displayed the highest expression across
all of the compared phenotypes (Supplementary Fig. S3H–S3J). These
findings further strengthened that migration and senescence-like
states coexist within high CD36-expressing blasts enriched after
chemotherapy in vivo.

CD36 is positively associated with extramedullary disease in
AML patients

We assessed the clinical relevance of these findings in patients from
the TUH cohort. Interestingly, patients with hyperleukocytosis had a
higher percentage of CD36þ blasts (Fig. 7A). The presence of EMD at
diagnosis was documented in 631 patients and among them, 166
(26.3%) exhibited EMD with 1, 2, or more than 2 organs involved, in

agreement with other reports (19, 20). In the TUH cohort, both EMD
and a high CD36-positive blast percentage were independent prog-
nostic factors of relapse and reduced OS (Supplementary Table S4).
We found that the presence of an EMD was significantly correlated
with a higher percentage of CD36þ blasts at diagnosis (Fig. 7B),
regardless of the number of organs involved (Fig. 7C). Analysis of
CD36 expression in the BMof patients from the TUH cohort showed a
higher percentage of CD36-positive blasts in patients exhibiting
minimal residual disease (MRD) after chemotherapy compared with
patients without MRD (Fig. 7D). Using a CD36-gating strategy in
diagnosis/MRDpaired patient samples, we found a significant increase
in cell size at MRD compared with diagnosis, a feature of senescent
cells, specifically in CD36-high patients (Fig. 7E). Very interestingly,
among patients classified as EMD-negative, a high CD36 expression
identified a group at higher risk for both CIR and reduced OS (Fig. 7F
andG). Together, these clinical data highlight that CD36 expression in
blasts is positively associated with EMD in patients.

Figure 7.

CD36 is positively associated with extramedullary disease in AML patients. A, Percentage of CD36þ blasts in the BM of patients with (LSþ) or without (LS�)
leukocytosis at diagnosis (n¼ 596 LS�; n¼ 46 LSþ).B, Percentage of CD36þ blasts in the BM of patients presenting (EMDþ, n¼ 166) or not (EMD�, n¼ 465) clinical
signs of EMDat diagnosis.C,Percentage of CD36þblasts in the BMof patients depending on the number of organs involved in EMD (n¼465 for 0 organs; n¼ 102 for 1
organ; n¼45 for 2 organs; n¼ 19 formore than 2 organs).D,Percentage of CD36þblasts in the BMof patients at diagnosis, exhibitingMRDor not after chemotherapy
(n¼89MRD�;n¼67MRDþ).E,FSC/SCC analysis onblasts fromCD36 low (n¼ 12) andCD36high (n¼ 13) patients followedup fromdiagnosis toMRD.F,Cumulative
incidence of relapse in TUH patients according to CD36 expression and presence of EMD at diagnosis (n¼ 267).G,Overall survival in TUH patients according to CD36
expression and presence of EMD at diagnosis (n¼ 319). Values are represented as mean� SEM. A, B, and D,Mann–Whitney test. C,Ordinary one-way ANOVA with
Tukey multiple comparisons test. E, Wilcoxon matched-pairs signed rank test. F and G, Log-rank test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001;
ns, not significant.
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Discussion
Despite the availability in recent years of new treatments targeting

key survival and metabolic vulnerabilities in leukemic blasts, AML
remains an aggressive cancer with a poor prognosis, due to frequent
relapses after chemotherapy. Here, our study highlights CD36 as a
prognostic marker and therapeutic target of metastasis to thwart
relapse in AML.

In patient- and cell line–derived xenografts in NSG mice, we have
previously found and here confirmed that CD36 is overexpressed in
chemoresistant blasts (3). Although CD36 has been shown to support
fatty acid oxidation in chronic myeloid leukemia (8), our data suggest
that, unlike FABP4 (43), CD36 is dispensable for lipid metabolism in
AML blasts. Although inhibiting the lipid transport function of CD36
might require to knockout instead of knockdown its expression, as
recently shown in AML (44), the absence of significant enrichment in
GO terms related to lipid metabolism in the CD36 gene signature
constitutes additional evidence of the uncoupling between CD36 and
lipid metabolism in leukemic blasts.

Strikingly, our work demonstrated that CD36 fosters AML blast
migration. In xenografted mice, a wide range of AML cell lines
developed EMD in a variety of organs. This phenotype was also
observed in the immuno-competent syngeneic AML model MLL/
AF9 (45), showing that EMD in NSG mice does not result from an
impaired immune response. Interestingly, AraC treatment, which
increases CD36 expression, also triggers the differentiation of leukemic
cells toward amonocytic phenotype.Monocytic cellsmigrate out of the
marrow to perform their functions in tissues. Although chemothera-
pies were used in lymphomas to enhance CD34þ hematopoietic stem
cell mobilization in order to collect them before autologous trans-
plantation (46), their impact on leukemic blast mobilization has not
been investigated. Importantly, while having no effect in untreated
cells in contrast to findings obtained with MOLM13 cells (47), we
demonstrated that CD36 inhibition delayed time to relapse after
chemotherapy, as observed in an AML mouse model (44), this being
associated with a decreased EMD.

Using a set of senescence markers, we demonstrated that chemo-
therapy-induced senescence occurs mostly, if not only, in CD36-high
cells. Although CD36 inhibition did not impair b-galactosidase activ-
ity, it decreased the expression of some senescence-related secreted
factors including TNFa and TSP1. These results are in accordance
with a recently published paper (48) showing that CD36 inhibition in
muscle senescent cells, although not impacting b-galactosidase activity
nor the number of senescent cells, decreased the expression of some
SASP-related genes. This confers to CD36 a role in the secretory
phenotype of senescent cells, as previously described (49). Together,
these data suggest that CD36, rather than contributing to leukemic
blasts entry into senescence, could play a role in the secretory
phenotype of senescent blasts treated with chemotherapy AraC.
Importantly, we demonstrated that AraC-surviving blasts were still
able to migrate. The preservation of migratory abilities of CD36-
high cells bypassing chemotherapy and exhibiting a senescence-like
state was further strengthened by single-cell analysis of a PDX
treated with AraC (42). A cell cluster emerging after chemotherapy
was not only overexpressing the CD36 gene signature but also
enriched in both senescence and migration gene sets. Among the
components of the SASP that could support leukemic blast migra-
tion, TSP1 was strongly increased by chemotherapeutic treatment,
especially in the CD36-high cell population. The sustained induc-
tion of both CD36 and TSP1 by AraC treatment likely contributes to
maintain the capacity of CD36-high cells to migrate, even after
chemotherapeutic stress.

The clinical relevance of these results was analyzed in a large cohort
of 1,273AMLpatients from the TUH.CD36was found bymultivariate
analysis to be an independent marker of AML progression, with a
higher hazard ratio than major parameters that are characteristic of
aggressive AML (FLT3-ITD, adverse cytogenetics, etc.). A previous
study performed on a smaller cohort (266 patients) also reported the
poor outcome of AML patients with a high CD36 expression (50). In
the TUH cohort, the pejorative role of CD36 is further emphasized by
the fact that patients with MRD after induction chemotherapy had a
higher percentage of CD36-positive blasts at diagnosis than patients
without MRD. Interestingly, both leukocytosis and EMD were signif-
icantly associated with a high percentage of CD36-positive blasts at
diagnosis, and EMDwas found to convey a poor prognosis, as recently
shown (22). Importantly, among patients classified as EMD-negative,
CD36 expression, whose evaluation is easily performed in routine
practice, discriminated a group of patients with a higher CIR and a
reduced OS. The impact of CD36 on patients’ classification is rein-
forced by the fact that its expression is not clearly associated with
mutational profiles commonly utilized in clinical practice for AML.

The present study has some limitations. Inhibition of CD36 by
shRNA or blocking antibodies did not affect lipid uptake in leukemic
blasts. Thesemethods, however, do not result in complete loss of CD36
activity, and it is thus possible that the amount of protein remaining
active is sufficient to allow normal lipid metabolism in blasts. CD36
knockout by genetic approaches, although not clinically easy to
duplicate, could reveal a role of CD36 in lipid metabolism in leukemic
blasts.We showed that CD36 fosters leukemic blastsmigration, at least
in part through its binding with TSP1, which was strongly released by
blasts surviving chemotherapy. However, one cannot rule out the
possibility that TSP1may also be secreted by themicroenvironment of
different organs in response to chemotherapy, which could affect blast
metastasis.

In conclusion, whereas most AML studies are focused on leukemic
cells present in the BM, our study unravels the importance of blast
dissemination and EMD triggered by AraC. It highlights the nonca-
nonical role of CD36 in this process, opening a new therapeutic
strategy through CD36 inhibition in combination with chemotherapy
to impair this metastatic process.
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