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Abstract

Acute myeloid leukaemia (AML) carrying nucleophosmin (NPM1) mutations has
been defined as a distinct entity of acute leukaemia. Despite remarkable improve-
ments in diagnosis and treatment, the long-term outcomes for this entity remain
unsatisfactory. Emerging evidence suggests that leukaemia, similar to other malig-
nant diseases, employs various mechanisms to evade killing by immune cells. How-
ever, the mechanism of immune escape in NPM1-mutated AML remains unknown.
In this study, both serum and leukemic cells from patients with NPM1-mutated AML
impaired the immune function of CD8+ T cells in a co-culture system. Mecha-
nistically, leukemic cells secreted miR-19a-3p into the tumour microenvironment
(TME) via small extracellular vesicles (sEVs), which was controlled by the NPMI-
mutated protein/CCCTC-binding factor (CTCF)/poly (A)-binding protein cytoplas-
mic 1 (PABPCI) signalling axis. sEV-related miR-19a-3p was internalized by CD8+
T cells and directly repressed the expression of solute-carrier family 6 member 8
(SLC6AS; a creatine-specific transporter) to inhibit creatine import. Decreased cre-
atine levels can reduce ATP production and impair CD8+ T cell immune func-
tion, leading to immune escape by leukemic cells. In summary, leukemic cell-derived
sEV-related miR-19a-3p confers immunosuppression to CD8+ T cells by targeting
SLC6A8-mediated creatine import, indicating that sEV-related miR-19a-3p might be
a promising therapeutic target for NPM1-mutated AML.
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1 | INTRODUCTION

Acute myeloid leukaemia (AML) is a heterogeneous disease characterized by multiple cytogenetic and molecular abnormali-
ties, with a very poor prognosis (Coombs et al., 2016). Nucleophosmin (NPM1) gene mutation, especially the type A NPM1
mutation (NPM1mA, the most frequent in NPM1 mutation) (Zou et al., 2017), is one of the most frequent and clinically rel-
evant genetic alterations, accounting for approximately 30% of all AML cases (Papaioannou & Petri, 2019). NPMI mutation,
results in a functionally stronger nuclear-export signal than a nuclear-localization signal, giving rise to the cytoplasmic delocal-
ization of NPM1 mutant protein, which is thought to play a key role in leukemogenesis (Papaemmanuil et al., 2016). Currently,
NPMI-mutated AML (NPMImut AML) treatment still relies on standard chemotherapy plus an FLT3 inhibitor, with or without
allogeneic hematopoietic stem cell transplantation (Falini et al., 2021). More recently, combination treatment with venetoclax plus
hypomethylating agents or a low-dose cytarabine has demonstrated promising clinical activity (Dinardo & Wei, 2020; Falini et al.,
2021). Nevertheless, some patients with NPMImut AML, especially older patients, eventually relapse and die from progressive
disease (Gionfriddo et al., 2021), indicating that new and effective therapeutic strategies are needed for this AML entity.

Immunotherapy for cancers first entered into clinical practice in the late 1990s and has opened a new era of cancer therapy
in recent years (Goebeler & Bargou, 2020). T cells play central roles in mediating and orchestrating immune responses against
cancers (Dumauthioz et al., 2020). Many strategies are aimed at exploiting the potential of T cells to recognize and kill cancer
cells in a targeted manner (Goebeler & Bargou, 2020). However, the most widely used types of T cell-based immunotherapies,
immune-checkpoint inhibitors and chimeric antigen receptor-engineered T cells (Ferrara et al., 2018; Goebeler & Bargou, 2020),
are not effective in AML (C. Chen et al., 2020; Qasim, 2019). Recently, it was reported that CLAVEEVSL, a mutated NPM1-
derived neoantigen, could be efficiently targeted by transferring TCR retroviral transduced T cells and might be a relevant target
forimmunotherapy of AML (Van Der Lee et al., 2019). However, the T cells specific for CLAVEEVSL were not present at detectable
levels in AML patients (Van Der Lee et al., 2019), indicating that in vivo responses against CLAVEEVSL may be suppressed by the
tumour microenvironment (TME). Therefore, there is an urgent need to better understand T cell biology in the TME in order
to expand the repertoire of therapeutic agents for NPM1mut AML.

Small extracellular vesicles (SEVs) are extracellular membranous vesicles with a diameter of approximately 30-200 nm that are
secreted by most organisms and cell types (Abreu et al., 2021). It is well known that sEV's (including exosomes, microvesicles and
other types of membrane particles) can mediate cross-talk between cells in the TME by delivering cargo (such as proteins, lipids,
and nucleic acids) to target cells (Mathieu et al., 2019). More recently, sEV trafficking is identified as a novel mechanism that
mediates the anticancer immune response (Marar et al., 2021). sSEVs from cancer cells may directly activate immune cells, such
as T cells and natural killer cells, resulting in robust tumour clearance (Moroishi et al., 2016). In addition, tumour-derived sEV's
can act as immune suppressors. For example, exosomes from cancer cells played critical roles in T-mediated immune escape
through the miR-21/PTEN/PD-LI regulatory axis in oral squamous cell carcinoma (Li et al., 2019). Glioblastoma-derived EVs
contributed to T-cell inhibition by inducing immunosuppressive monocytes (Himes et al., 2020). However, the functions and
mechanisms of tumour-derived sEVs in T cell-mediated immune responses in NPMImut AML remain unknown.

It is crucial to meet the bioenergetic demand for T cell activation, effector and memory function (Siska & Rathmell, 2015).
T cells face the special challenge of competing with fast-growing tumour cells for metabolic fuels such as glucose, amino acids,
and lipids, which can lead to the suppression of T cell function (Mccarthy et al.,, 2013). Creatine, as a non-canonical energy fuel,
can satisfy the cellular energy requirement in an acute manner via the creatine-phosphocreatine cycle, which is coupled with the
ATP-ADP transition in the brain and muscles (Ji et al., 2019). Recently, the biology of creatine in the systems other than brain
and muscles have been gradually revealed, such as a role in orchestrating macrophage polarization (Ji et al., 2019). However, little
is known regarding the effect of creatine metabolism on T cell function in AML, especially in NPM1mut AML.

In this study, we discovered that tumour sEV-related miR-19a-3p enhanced the immune escape of NPMImut leukaemia. The
sEV-related microRNA, miR-19a-3p (the expression of which is regulated by NPMImA) could be transferred from leukemic
cells to CD8+ T cells, which directly downregulated SLC6AS8 expression. Furthermore, reduced SLC6A8 expression resulted in
decreased creatine import and ATP production, which impaired CD8+ T cell function. Collectively, our findings suggest that
the sEV-related miR-19a-3p may represent a potential therapeutic target for NPMImut AML.

2 | MATERIALS AND METHODS
2.1 | Patient samples and serum preparation

The peripheral blood and bone marrow of patients with AML or benign hematologic disease (BHD) (e.g., iron-deficiency
anaemia) were obtained from the First Affiliated Hospital and the Third Affiliated Hospital of Chongqing Medical University.
Patients were newly diagnosed with AML through cytomorphology, cytogenetic, and molecular genetic analyses. The samples
were matched in terms of the sex and age of the patients. All patients were informed and consented to participate in the study.
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TABLE 1 Clinical characteristics of newly diagnosed patients

Median
Characteristics (range) All cases
Sex
Female 50
Male 31
Total 81
Median age, y 53.3 (26-77)
Younger than 40 y 19
40-60'y 35
Older than 60y 27
Median WBC, 10°/L 61.8 (0.5-285)
Median platelets, 10°/L 122.4 (23-602)
iron deficiency anemia 27
AML 54
AML FAB subtype
AML without maturation:M1 6
AML with maturation:M2 8
Acute promyelocytic leukaemia:M3 8
Acute myelomonocytic leukaemia:M4 17
Acute monoblastic or monocytic leukaemia:M5 15
unclassified 0
Karyotype
Normal 27
t(8;21) 7
t (15;17) 6
inv (16) 14
Unknown 0
Gene mutations
NPM1 27
FLT3/ITD 14
WTI1 8
DNMT3A 12

Abbreviations: AML, acute myeloid leukaemia; FAB classification, French-American-British classification, a classification of acute leukaemia produced by three-nation joint collabo-
ration.; WBC, white blood cell; y, year old.

The experiments were approved by the Ethics Committee of Chongqing Medical University. The patients’ clinical characteristics
are presented in detail in Table 1 and Supplementary list 1.

Serum was prepared as previously described (Hamam et al., 2016). Briefly, blood samples were collected from a peripheral
vein with vacutainer tubes containing a clot-activation additive and a barrier gel. The samples were allowed to clot for 60 min at
room temperature, followed by centrifugation at 1500g for 15 min to isolate serum samples. The serum samples were collected
and subjected to a second centrifugation at 2000g for 10 min to remove contaminating cells for further use.

2.2 | Immunohistochemistry (IHC) analysis
Bone marrow aspirates from patients enrolled in this study were transferred to slides using a cytospin, treated with 3% H,0O,,

and blocked with 5% normal goat serum. Next, the slides were incubated with primary antibodies against CD3 (1:200, Abcam,
United Kingdom), CD4 (1:200, Abcam), and CD8 (1:200, Abcam) at 4°C, followed by incubation with horseradish peroxidase
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(HRP)-conjugated secondary antibody for 30 min and then staining with diaminobenzidine. The images were captured and
evaluated using Image-Pro 6.0 software (Media Cybernetics, USA).

2.3 | Cell culture

CD8+ T cells were obtained from the peripheral blood mononuclear cells (PBMCs) of volunteers, as described previously (Yang
et al., 2019). PBMCs were isolated using HISTOPAQUE-1077 solution (Sigma-Aldrich, USA), according to the manufacturer’s
instructions. Briefly, fresh peripheral blood was collected in ethylenediaminetetraacetic acid anticoagulant tubes and subse-
quently layered onto the HISTOPAQUE-1077 solution. After centrifugation at 650¢ for 30 min, the PBMCs remained at the
plasma-HISTOPAQUE-1077 interface and were carefully transferred to a new tube, then washed twice with 1X phosphate-
buffered saline (PBS; Invitrogen, USA). CD8+ T cells were purified by positive selection with CD8 microbeads (Miltenyi Biotec,
USA) from the above PBMCs and resuspended in PBS. The purity of the CD8+ T cells was >90%, as determined by flow cytom-
etry (FCM). CD8+ T cells were seeded at 1 X 10° cells/well in 48-well plates and stimulated with anti-CD3 (clone UCHTI,
10 mg/ml) and anti-CD28 (clone UCHT], 12 mg/ml) antibodies (BD Bioscience) to maintain the proliferation ability for 3-5
days. At the indicated time points, CD8+ T cells were collected for further analysis.

To obtain leukemic blast cells from patients with AML, we isolated mononuclear cells from bone marrow aspirates via density-
gradient centrifugation and purified the cells with the CD45-Positive Selection Kit (Miltenyi Biotec, UK). The identity of the
leukemic blast cells was confirmed by microscopy and FCM. All leukemic blast cells were grown in StemSpan™ SFEM (STEM-
CELL Technologies, Canada) with 2% fetal bovine serum (FBS, STEMCELL Technologies) supplemented with rhIL3 (R&D Sys-
tems, Minneapolis, USA), rhTPO (R&D Systems), rhFLT3-ligand (R&D Systems), and rhSCF (R&D Systems).

The human myeloid leukemic cell lines (NB4, THP1, and KG-1a) and the human embryonic kidney cell line HEK 293T were
obtained from the American Type Culture Collection (ATCC, USA). The human myeloid leukemic cell lines, OCI/AML3 (har-
boring NPMImA) and OCI/AML2, were obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(DSMZ, Germany). All cell lines were tested free of mycoplasma contamination and authenticated by the short tandem repeat
(STR)-based method. Myeloid leukaemia cell lines (NB4, THP1, KG-1a, and OCI/AML3) and CD8+ T cells were maintained in
RPMI-1640 medium (Gibco, Australia) supplemented with 10% FBS (Gibco) and 1% penicillin-streptomycin (Sangon Biotech,
China). OCI/AML2 cells were cultured in MEM Alpha medium (Gibco) supplemented with 10% FBS and 1% penicillin-
streptomycin. HEK293T cells were cultured in DMEM medium (Gibco) with 10% FBS and 1% penicillin-streptomycin. All cell
lines were incubated in a humidity chamber (Thermo Fisher Scientific, USA) containing 5% CO, at 37°C.

2.4 | Preparing conditioned medium (CM) from leukemic cells

When the leukemic cell growth reached approximately 80% confluency, they were washed three times with PBS, then an appro-
priate volume of FBS-free medium was added to the cells, with or without 15 mM GW4869 (Selleck, USA). After culturing for 48
h, the CM was collected and centrifuged at 4000g for 10 min to remove cell debris for further study. To further obtain sEV-free
CM, the CM was spun down successively at 300¢ for 20 min, 2000g for 20 min, 10,000g for 30 min, and 120,000¢ for 70 min to
deplete sEVs from the CM.

2.5 | FCM analysis

To measure the proliferation ability of CD8+ T cells, a carboxyfluorescein succinimidyl ester (CFSE) proliferation assay was
performed using CellTrace™ CFSE Cell Proliferation Kit (Life Technologies, USA) according to the manufacturer’s instructions.
Briefly, CD8+ T cells were resuspended in CFSE (5 mM) buffer, incubated at 37°C with 5% CO, for 20 min, and washed twice in
culture medium. The labelled CD8+ T cells were seeded in a 96-well round-bottom plate at 1x 10° cells/well and then stimulated
with anti-human CD3/CD28 beads. Cells, with or without indicated treatment, were collected and detected by FCM using a
FACSCalibur instrument (Becton Dickinson, USA).

Expression of CD25, a surface activation marker on CD8+ T cells, was measured by FCM after surface staining with
fluorochrome-labelled antibodies against CD25 (PE, Thermo Fisher, USA). The expression levels of effector molecules
(Granzyme B, IL-2, and IFN-y) in CD8+ T cells were measured by FCM after intracellular staining. Briefly, CD8+ T cells
(1 10%/well in 48-well plates) were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate and 500 ng/ml ionomycin (Sigma-
Aldrich, USA) in the presence of GolgiStop solution (Becton Dickinson) for 3.5 h. Then, the cells were stained with anti-granzyme
B (APC, Thermo Fisher), anti-IL-2 (APC, BioLegend, USA), or anti-IFN-y (APC, Thermo Fisher) after fixation and permeabi-
lization. Finally, the stained cells were detected by FCM.
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2.6 | Enzyme-linked immunosorbent assay (ELISA) analysis

ELISAs were performed to detect the levels of IFN-y and IL-2 secreted into supernatants from CD8+ T cells. Briefly, the super-
natants were collected and centrifuged at 2000g for 5 min to clear the cells for further study. The levels of IFN-y and IL-2 were
comparatively analyzed using an IFN Gamma Human ELISA Kit (Thermo Fisher) and an IL-2 Human ELISA Kit (Thermo
Fisher), respectively following the manufacturers’ instructions.

2.7 | sEV isolation and characterization

sEV's were prepared via the differential-centrifugation method, as previously reported (Yan et al., 2018). Briefly, CM was prepared
by incubating cells grown at sub-confluence in FBS-free media for 48 h and then pre-clearing the culture medium by centrifuga-
tion at 2000g for 20 min and then at 10,000g for 30 min. sEV's were isolated by ultracentrifugation at 120,000¢ for 70 min (XE-100,
Beckman Coulter, USA) and washed in PBS using the same ultracentrifugation conditions. The pelleted sEV's were resuspended
in ~100 ul of PBS and subjected to several experiments, including nanoparticle tracking analysis (NTA), transmission electron
microscopy (TEM) analysis, western blotting analysis, and quantitative real-time polymerase chain reaction (QRT-PCR) analysis,
or CD8+ T cell treatment.

NTA was used to assess the size distribution and concentration of sEVs. Briefly, sEVs were resuspended in PBS and injected
into the sample chamber of a ZetaView PMX 110 instrument (Particle Metrix, Germany), and the particles were measured based
on Brownian motion and the diffusion coefficient. Data analysis was performed using the manufacturer’s software (ZetaView
8.02.28).

TEM was performed to visualize the morphologies of sEVs. The isolated sEV's were loaded onto a grid (ProSciTech, Australia),
fixed with 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and stained with a drop of 2% uranyl acetate (Sigma, USA) for
10 min at room temperature. The morphologies of the sEV's were visualized using a JEM-1011 transmission electron microscope
(Hitachi, Japan).

At the designated CM-collection time, CM was collected for sEV isolation. The protein contents of the isolated SEV samples
were assessed using a BCA Protein Assay Kit (P0012, Beyotime, China). For CD8+ T cell-treatment experiments in vitro, 2 ug
of sEVs (equivalent to that collected from ~5 X 10° producer cells) was added to 1 X 10° recipient cells at an SEV concentration
of 10 pug/ml.

2.8 | Reverse transcription PCR and qRT-PCR

Total RNA samples were isolated using the TRIzol reagent (Takara, Japan), and then reverse-transcribed using the Prime-
Script™ RT Reagent Kit (Takara). QRT-PCR analysis was performed in an M] Mini™ Gradient Thermal Cycler Real-Time
PCR machine (Bio-Rad, USA). B-actin expression was detected as an internal control for the indicated genes. U6 expres-
sion was detected as an internal control for the intracellular miRNA levels. As a spike-in control for sEV-related miRNA
levels, 20 fmol of synthetic cellular miR-19a-3p (cel-miR-19a-3p), cel-miR-19b-3p, and cel-miR-29b-3p were added to sEVs
from an equal number of cells during RNA extraction, and their levels were subsequently used for data normalization
after performing miScript miRNA RT-qPCR assays (Qiagen, Germany). The sequences of the primers used are shown in
Table 2.

2.9 | Western blot assays

Western blot assays were performed as previously described (Jin et al., 2018). Briefly, total cellular or SEV proteins were obtained
using RIPA lysis buffer (P0013B, Beyotime) and quantified with a BCA Protein Assay Kit (P0012, Beyotime). The proteins were
electrophoresed by 6%-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently incu-
bated with primary antibodies against TSG101 (1:1000, Abcam), HSP70 (1:1000, Abcam), CD9 (1:1000, Abcam), CD63 (1:500,
Bimake, China), calnexin (1:1000, Abcam), SLC6AS8 (1:1000, SAB, USA), ATAG (1:1000, Abcam), GAMT (1:1000, Abcam), CKB
(1:1000, Abcam), NPMImA (1:1000, Thermo Fisher Scientific), PABPCI (1:1000, SAB), KHSRP (1:1000, Abcam), 3-actin (1:1000,
ZSGBBIO, China). f-actin was detected as a loading control. The appropriate HRP-conjugated anti-mouse or anti-rabbit IgG
(ZSGBBIO) was used as a secondary antibody. Protein signals were visualized using an enhanced chemiluminescence system
(Amersham Pharmacia Biotech, Japan).
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TABLE 2  Sequences of primers used in qRT-PCR

Target gene Primer sequences
SLC6A8 Forward 5'-CCTTATTCCCTACGTCCTGATC-3’
Reverse 5'-GGTAAAGGACTTGACCAGGTAA-3’
AGAT Forward 5'-TGGCTGATGAGCTTTATAACCA-3’
Reverse 5'-TGCCTAGGTAGTTTGTAACCTG-3’
GAMT Forward 5'-TCACTTTGATGGGATCCTGTAC-3’
Reverse 5'-AACATGATGGTGATGTCTGAGT-3’
CKB Forward 5'-CGACTTCAGAAGCGAGGCACAG-3’
Reverse 5'-TCACTCCGTCCACCACCATCTG-3'
miR1I7HG Forward 5-TTTGCCACGTGGATGTGAAGA-3’
Reverse 5'-CAGTGTGTCTTCAAACTACAGGAG-3'
b-actin Forward 5'-TGACGTGGACATCCGCAAAG-3’
Reverse 5'-CTGGAAGGTGGACAGCGAGG-3'
miR-19a-3p Forward 5'-GCGTGTGCAAATCTATGCAA-3'
Reverse 5'-AGTGCAGGGTCCGAGGTATT-3’
miR-19b-3p Forward 5-CGTGTGCAAATCCATGCAA-3’
Reverse 5'-AGTGCAGGGTCCGAGGTATT-3’
miR-29b-3p Forward 5'-CGCGTAGCACCATTTGAAATC-3’
Reverse 5'-AGTGCAGGGTCCGAGGTATT-3’
U6 Forward 5'-CGGGTTCTCCAAAAGAAAGCA-3’
Reverse 5'-CAGCCACAAAAGAGCACAAT-3’
PABPCl Forward 5'-AGCAAATGTTGGGTGAACGG-3’
Reverse 5’-ACCGGTGGCACTGTTAACTG-3'
CTCF El for ChIP Forward 5’-CCGCCCGACCTGCGCCTTC-3’
Reverse 5'-GCTGCGGTAGTCGTCCCCAC-3’
CTCF E2 for ChIP Forward 5'-GCGCTCCGCGAGGCTG-3'
Reverse 5'-CCACGGCGGCTCGTTCTTG-3’
CTCF E3 for ChIP Forward 5'-CAGGAAGCCCCGGGAAGCGT-3’
Reverse 5'-GCCCTCCGTTAACAAGCTCT-3'
H3K27ac for ChIP Forward 5’-CCGCGCAGCCAGTTGGTGTCA-3’
Reverse 5’-TCCTACCCGGACCGCACTACGAG-3'

2.10 | Creatine and ATP quantification

Creatine and ATP were quantified using the Creatine Assay Kit (ab65339; Abcam) and Luminescent ATP Detection Assay Kit
(abl13849; Abcam), respectively, according to the manufacturers’ instructions. All experiments were performed at least three
times, and the data were normalized to the cell numbers or protein contents.

2.11 | Plasmid constructs, siRNA interference, cell transfection and infection

An expression vector encoding SLC6A8 was constructed by inserting SLC6A8 cDNA sequence into the pPBABE-puro vector at the
BamHI and EcoRI sites. An miR-19a-3p mimic, a small-interfering RNA (siRNA) targeting SLC6A8, and a lentivirus-mediated
short-hairpin RNA (shRNA) against NPM1 were purchased from GenePharma (Shanghai, China). The shRNA specifically tar-
geting miR-19a-3p was reconstructed by subcloning the corresponding DNA sequence into the lentiviral vector pLVX-shRNA
(Clontech, USA) at the BamHI and EcoRI sites. All the sequences described above are shown in Table 3.

Plasmid transfections were performed using a transfection reagent (Invitrogen, USA), according to the manufacturer’s instruc-
tions. The cells were transiently transfected with siRNA or an miRNA mimic using RFect>” siRNA/miRNA Transfection Reagent
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TABLE 3  Core sequences of siRNA against target genes

Target gene siRNA sequences
NC 5'-TTCTCCGAACGTGTCACGT-3’
SLC6A8 1# 5'-CAGAUGGACUUCAUCAUGUTT-3'

2#5'-CCAUCAUCCUGGCUCUCAUTT-3'
3# 5'-CCGCUUCAUGGACGACAUUTT-3’

NPM1 1# 5-GGTACATTGTTGATTGTTATG-3’
2#5'-GGAACAGGAGAGTAGACTAGG-3’
3# 5'-CAGTAGTCAGATTATAGAATC-3'

miR-19a-3p 5'-GCTCAAACTGTTTATCTTCCATGCGAGTTTG-3’

PABPC1 1# 5'- TCACTGGCATGTTGTTGGA -3’
2#5'- GAAAGGAGCTCAATGGAAA -3’
3# 5'-GCAAACATAATGCTAGTCC-3’

KHSRP 1# 5'- TACTACTCACACTACTACTCGAGTAGTAGTGTGAGTAG -3’
2#5'- AGAAGATTGCTCATATACTCGAGTATATGAGCAATCTTC -3’
3# 5'-GAGTGAAGATGATCTTACTCGAGTAAGATCATCTTCACT-3'

(BaiDai, China) according to the manufacturer’s instructions. After 48 h of transfection, the cells were collected for qRT-PCR or
western blot analysis.

The cells were infected with a lentivirus encoding an shRNA in the presence of 5 ug/ml polybrene (Millipore Sigma, USA), and
then selected in the presence of 2 ug/ml puromycin (Millipore Sigma) for 7 days. The puromycin-resistant cells were collected
for further analysis.

2.12 | Luciferase reporter assays

To explore the regulatory effect of miR-19a-3p on SLC6AS8 expression, luciferase reporter assays were performed. First, the
pMIR-SLC6A8-3'UTR-wt and pMIR-SLC6A8-3"UTR-mut plasmids were designed by cloning the 3’-untranslated regions
(UTRs) of SLC6A8 wild-type (WT) and an SLC6A8 mutant (MUT) into the 3’-UTR of the firefly luciferase reporter gene
in the pMIR-REPORT vector (Promega, USA) at the Spel and HindIII sites. Next, CD84 T cells were seeded at a den-
sity of 1 X 10° cells in 96-well plates and co-transfected with either pMIR-SLC6A8-3'UTR-wt or pMIR-SLC6A8-3'UTR-
mut along with an miR-19a-3p mimic or scrambled mimic. Luciferase activities were measured using the Dual-Luciferase
Reporter Assay System (Promega, USA) after 48 h of transfection. Renilla luciferase activity was normalized to firefly luciferase
activity.

Similarly, to determine the transcriptional activity of CTCF on MIRI7HG, pGL3-MIRI7HG WT reporter and pGL3-
MIR17HG mutant reporters (E1 MUT, E2 MUT, and E3 MUT) were designed by cloning the MIRI7HG-WT-promoter and
MIR17HG-MUT-promoters (E1 MUT, E2 MUT, or E3 MUT) separately into the pGL3-basic luciferase reporter plasmid at the
Kpnl and BglII sites, upstream of the luciferase gene. Next, HEK293T cells (1 x 10° cells/well) were co-transfected with the
above pGL3-MIRI7HG vectors and the CTCF expression vector. Renilla luciferase activity was normalized to firefly luciferase
activity.

2.13 | Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed to detect CTCF binding to the MIRI7HG promoter or H3K27ac enrichment on the PABPCI pro-
moter. Briefly, leukemic cells (with or without NPMI silencing) were collected from each group at a density of 1 x 108 cells, treated
with 37% formaldehyde, and incubated for 15 min at room temperature to generate DNA—-protein cross-links. The chromatin was
sheared into small fragments of approximately 200-300 base pairs using sonication. An anti-CTCF or anti-H3K27ac antibody
and protein G beads were used to pull down the target proteins. The target proteins were digested with proteinase K at 45°C for
50 min. After collection and purification, the target protein-bound DNA was quantitated by qRT-PCR analysis using the primers
indicated in Table 2. All qRT-RCR products were subjected to electrophoresis on a 2% agarose gel.
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2.14 | Biotin-miRNA pulldown assays

To detect the binding between miR-19a-3p and PABPCI, biotin-miRNA pulldown assays were performed. Briefly, lysates of
leukemic cells were incubated with 100 pmol of synthetic biotin-labeled miR-19a-3p overnight at 4°C. Streptavidin beads (Invit-
rogen) were added to each binding reaction, after which each mixture was washed and eluted. The eluted solutions were analyzed
by SDS-PAGE, followed by western blotting to detect PABPCI expression.

2.15 | RNA immunoprecipitation (RIP) assays

To detect binding between miR-19a-3p and PABPCI, RIP experiments were performed using the Magna RIP™ RNA-Binding
Protein Immunoprecipitation Kit (Millipore, USA), according to the manufacturer’s instructions. Briefly, OCI/AML3 cells were
collected and lysed in RIP lysis buffer supplemented with protease and RNase inhibitors. The protein extract was incubated
overnight at 4°C with an anti-PABPCI antibody or a control IgG. After washing the beads, the bead-bound immunoprecipitate
was digested with proteinase K. RNA were purified using a phenol-chloroform-isoamyl alcohol mixture and then subjected to
qRT-PCR. RNA levels were normalized to that of the input control. The fold-enrichment of miR-19a-3p was determined as a
percentage of the input RNA and compared with the IgG isotypic control.

2.16 | Immunofluorescence (IF) assays

To define the transfer of sEVs from leukemic cells to CD8+ T cells, sEVs were labelled with the red fluorescent membrane dye
PKH?26 (Sigma-Aldrich). Briefly, after an initial pelleting of the sEV's by ultracentrifugation, they were resuspended in 50 ul of
PBS and then mixed with 50 ul of PKH26 staining solution (1:50, diluted in diluent). CD8" T cells were incubated with labelled
sEVs at a concentration of 10 ug/ml for 12 h in a 48-well plate. Nuclei were stained with 4’,6’-diamidino-2-phenylindole (DAPI,
1:50; Beyotime). The sEV's internalized in CD8+ T cells was observed using a Leica TCS SP8 confocal microscope (Leica, Wetzlar,
Germany).

Cy3-labelled miR-19a-3p was transfected into leukemic cells to study the transfer of sEV-related miR-19a-3p from leukemic
cells to CD8+ T cells. Cy3-miR-19a-3p-expressing leukemic cells were then co-cultured with CD8+ T cells using a transwell
chamber in a 24-well format. Cells were prepared for immunofluorescence analysis. Briefly, the CD8+ T cells were washed,
spun onto slides, and then treated with 4% paraformaldehyde, and stained. The cell nuclei were stained with DAPI. Finally, the
internalization of sEV-related miR-19a-3p in CD8+ T cells was measured by confocal microscopy.

2.17 | Animal experiments

The animal experiments were approved by the Animal Care Ethics Committee of Chongqing Medical University. Human-
ized NOD/SCID/IL-2Ry~/~ (huHSC-NSG) mice (Charles River Laboratories, China) were generated by transplanting human
hematopoietic stem cells (hHSCs) into NSG mice to study the development and function of the human immune system (Lang
etal,, 2011). Twelve-week-old female huHSC-NSG mice were randomly divided into four groups (n = 6/group). Stably engineered
OCI-AML3 cells (OCI/AML3-NC cells or OCI/AML3-miR-19a-3p KD cells) were generated by infecting a lentivirus encoding
an shNC or shmiR-19a-3p into OCI/AML3 cells. Then, OCI/AML3 cells or engineered OCI/AML3 cells (5 X 10°) were injected
into the mice via the tail vein. After the day of cell transplantation, the mice in the OCI/AML3-miR-19a-3p KD group were
injected every 3 days with OCI/AML3-sEV's (10 ug/mouse) via the tail vein, until the mice were sacrificed. The body weights and
the general appearance of the mice were observed every other day. The mice were sacrificed after 100 days by cervical dislocation.
The Kaplan-Meier method was used to analyze the survival curves of the mice in each group. Human CD45+ cells from periph-
eral blood were analyzed using FCM. Immature cells from bone marrow cells were evaluated using Wright’s staining. Livers and
spleens were excised and serially sectioned into 4 um-thick sections, and then infiltration of leukemic cells in the liver and spleen
was analyzed by hematoxylin and eosin (H&E) staining and IF staining for the NPMImA protein.

2.18 | Statistical analysis

Statistical significance was determined using SPSS software (version 17.0). All data were derived from three independent experi-
ments and are presented as the mean + SD. The Kruskal-Wallis test and Wilcoxon rank-sum test were used to compare multiple
groups and two groups, respectively. Statistical significance was set at p < 0.05.
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3 | RESULTS
3.1 | NPMlmut AML cells impair CD8+ T cell function

To explore T cell function in AML, we first performed IHC to quantify T cells in the bone marrow aspirates of AML
patients and individuals with BHD. THC results showed that the bone marrow aspirates from patients with NPMImut AML
(NPMlmut AMLs) contained significantly fewer CD8+ T cells, and had a lower CD8+ T cell: total T cell (CD3+CD8+:
CD3+) ratio than those from patients with NPMI-wildtype AML (NPMlIwt AMLs) or BHD (Figure SIA-C). Next, we
examined CD8+ T cell proliferation and effector cytokine secretion (e.g., IL-2 and IFN-y) in these patients. Less CD8+
T cell proliferation and IL-2 and IFN-y secretion were observed in NPMImut AMLs than in NPMlwt AMLs or patients
with BHD (Figure SID--F), indicating that the CD8+ T cell population was lower in NPMImut AML and had abnormal
function.

To further explore the mechanism whereby CD8+ T cell are suppressed in NPMImut AMLs, we treated primary CD8+ T
cells with serum derived from patients with AML or BHD. Interestingly, the serum derived from NPMlmut AMLs significantly
inhibited CD8+ T cell function, including proliferation (Figure la), effector cytokine production (e.g., IL-2 and IFN-y; Fig-
ure 1b,c), surface activation marker expression (e.g., CD25; Figure 1d), and cytotoxic molecule production (e.g., Granzyme B;
Figure le), by comparing these functions to those in serum samples from patients with NPM1wt AMLs or BHD. Moreover, CM
from the NPMImut cell line (OCI/AML3-CM) inhibited CD8+ T cell proliferation (Figure 1f), IL-2 and IFN-y secretion (Fig-
ure 1g,h), CD25 expression (Figure 1i), and granzyme B production (Figure 1j), when compared with CM from NPMI1wt cell lines
(OCI/AML2-CM and NB4-CM). To expand these findings, we isolated leukemic primary blast cells from patients with AML
and found that CM from NPMIlmut blasts (Blasts/mut-CM) inhibited CD8+ T cell function, when compared with the CM from
NPMiwt blasts (Blasts/wt-CM) (Figure S2A-E). Taken together, the above data indicate that NPMImut leukemic cells play an
essential role in functionally impaired CD8+ T cells.

3.2 | Leukemic cells impair the immune function of CD8+ T cells via SEV release

We performed bioinformatics analysis of array data (accession numbers: GSE14468, GSE15434, and GSE34860) deposited in
the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geoprofiles/) with R software and the DAVID
database (https://david.ncifcrf.gov/conversion.jsp) to reveal the roles of differentially expressed genes between NPMlmut AMLs
and NPMlwt AMLs, as indicated by their biological processes and the corresponding pathways. As shown in Figure S3A,B,
the differentially expressed genes in NPMImut AMLs were found to be involved in various biological processes, including the
immune response and extracellular exosomes (a main component of sEVs). sEVs, which are nanometric membrane vesicles
secreted by almost all cell types, are becoming increasingly appreciated as important regulators of cellular communications in
the TME (Flemming et al., 2020). Thus, we studied whether leukemic cell-derived sEVs play roles in affecting CD8+ T cell
function. GW4869, an inhibitor of SEV secretion (Ge et al., 2021), decreased sEV secretion from leukemic cells (Figure S3C)
and showed almost no effect on leukemic cell and CD8+ T cell viability (Figure S3D). Interestingly, blocking SEV secretion by
leukemic cells with GW4869 rescued CD8+ T cell proliferation (Figures 2a and S4A), IL-2 and IFN-y secretion (Figures 2b,c
and S4B,C), CD25 expression (Figures 2d and S4D), and granzyme B production (Figures 2e and S4E). In addition, physi-
cally removing sEV's from leukemic cell-CM by ultracentrifugation also partially restored CD8+ T cell function (Figures 2a—e
and S4A-E). These data support the possibility that SEVs derived from NPMImut AML cells may participate in CD8+ T cell
dysfunction.

We then purified sEVs from the CM of leukemic cells through ultracentrifugation and characterized them by TEM, NTA,
and western blotting. The results showed that SEV's from leukemic cells (NB4, OCI/AML2, and OCI/AML3) were approximately
70 nm in diameter (Figure S5A) with a double-layer membrane structure (Figure S5B), and that the sEV's expressed sEV-specific
protein markers (TSG101, HSP70, CD9, and CD63), but not calnexin, an endoplasmic reticulum protein (Figure S5C). By incu-
bating CD8+ T cells with leukaemia cell-derived sEV's labelled with PKH26 (a lipophilic dye with red fluorescence), we observed
that PKH26-labelled sEV's could be internalized by CD8+ T cells, with no significant difference in the efficiency of internaliza-
tion of NB4-sEVs, OCI/AML2-sEVs, and OCI/AML3-sEVs (Figure S5D) (the data for sEVs derived from leukaemia primary
blasts not shown). Next, we cultured CD8+ T cells with leukemic sEVs, and found that the sEVs from NPMI1mut leukemic cells
(OCI/AML3-sEVs, Blasts/mut-sEVs) inhibited CD8+ T cell proliferation (Figures 2f and S6A), IL-2 and IFN-y secretion (Fig-
ures 2g,h and S6B,C), CD25 expression (Figures 2i and S6D), and granzyme B production (Figures 2j and S6E), compared with
the corresponding findings from NPMlwt leukemic cells. Collectively, these data confirm that leukemic cells impair CD8+ T
cell function via sEV release.
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FIGURE 1 NPMlmut AML cells impair CD8+ T cell function. CD8+ T cells were purified from blood samples from volunteers and stimulated with
anti-CD3 and anti-CD28 antibodies to maintain their proliferative ability. (a) CD8+ T cells were pre-labelled with CFSE and incubated with serum samples
from patients with BHD, NPMlwt AML, or NPMlmut AML. CD8+ T cell proliferation was evaluated by FCM, and quantitative diagrams are shown. (b—e)
CD8+ T cells were incubated with serum from patients with BHD, NPMlIwt AML, and NPMImut AML. Representative FCM analysis of IL-2 (B), IFN-y (C),
CD25 (d), and granzyme B (e) expression levels are presented. (f-j) CD8+ T cells were incubated with NB4-CM, OCI/AML2-CM, or OCI/AML3-CM. (f) The
proliferation of CD8+ T cells was evaluated by FCM. (g and h) IL-2 (g) and IFN-y (h) levels in cell culture supernatants were analyzed for using ELISA kits. (i
and j) The expression of CD25 (i) and granzyme B (j) was detected by FCM (*p < 0.05; **p < 0.01; ***p < 0.001; n.s, not significant)

3.3 | Leukemic cell-derived sEVs inhibit SLC6A8-mediated creatine import to impair CD8+ T cell
immune function

Creatine metabolism, a non-canonical pathway of energy production, plays a critical role in T cell activation and survival in
the nutrient-deficient TME through the ATP-ADP transition as shown in Figure 3a (Di Biase et al., 2019). Interestingly, both
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FIGURE 2  Leukemic cells impair the immune function of CD8+ T cells via sEV release. (a—e) CD8+ T cells were pre-labelled with CFSE and incubated
with CM control (CM Ctrl), OCI/ALM3-DMSO-CM (CM from DMSO-treated OCI/AML3 cells), OCIAML3-GW4869-CM (CM from GW4869-treated
OCI/AMLS3 cells), OCI/AML3-CM, or OCI/AML3-CMSEVs/~ (sEVs-depleted OCI/AML3-CM). (a) CD8+ T cell proliferation was evaluated by FCM analysis.
(b and ¢) IL-2 (b) and IFN-y (c) levels in supernatants from cell cultures were analyzed using ELISA kits. (d and e) CD25 (d) and granzyme B (e) expression of
CD8+ T cells were detected by FCM analysis. (F-]) CD8+ T cells were incubated with NB4-sEVs, OCI/AML2-sEVs, or OCI/AML3-sEVs. (f) The proliferation
of CD8+ T cells was evaluated by FCM analysis. (G and H) IL-2 (g) and IFN-y (h) levels in supernatants from cell cultures were analyzed using ELISA kits. (i
and j) CD25 (i) and granzyme B (j) expression of CD8+ T cells were determined by FCM (*p < 0.05; **p < 0.01; ***p < 0.001; n.s, not significant)

OCI/AML3-sEV and Blasts/mut-sEV treatment decreased total creatine (Figures 3b and S7A) and ATP (Figures 3c and S7B)
production in CD8+ T cells, while increasing extracellular creatine levels (Figures 3d and S7C). In addition, the mRNA- and
protein-expression levels of the creatine metabolism-related enzymes were also assessed. The expression of SLC6AS, a specific
creatine-transporter, sharply decreased in CD8+ T cells treated with OCI/AML3-sEVs or Blasts/mut-sEVs (Figures 3e,f and
S7D,E), indicating that leukemic cell-derived sEVs may downregulate SLC6A8-mediated creatine import.
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FIGURE 3  Leukemic cell-derived sEVs inhibit creatine import by CD8+ T cells. (a) Diagram showing creatine uptake and creatine-mediated bioenergy
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levels of intracellular creatine (b), ATP (c), and extracellular creatine (d) are shown. The mRNA-expression (e) and protein-expression (f) levels of the creatine
transporter SLC6A8, two enzymes controlling the de novo creatine synthesis (AGAT and GAMT), and creatine kinase (CK) were measured via qRT-PCR and
western blotting, respectively (*p < 0.05; **p < 0.01; ***p < 0.001; n.s, not significant)
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To further explore whether leukemic cell-derived sEVs could impair CD8+ T cell function by inhibiting SLC6A8-mediated
creatine import in NPMImut AML, we silenced SLC6A8 expression using a matching siRNA (Figure S8A) and observed that
SLC6A8 knockdown (KD) significantly decreased creatine (Figure S8B) and ATP (Figure S8C) production, while inhibiting
CD8+ T function (Figure S8D-H). Importantly, overexpressing SLC6A8 (Figures 4a and S9A) in the CD8+ T cells treated with
OCI/AML3-sEVs or Blasts/mut-sEVs rescued cellular creatine levels (Figures 4b and S9B), ATP production (Figures 4c and S9C)
and CD8+ T cell function (Figures 4d-h and SOD-H). These data suggest that leukemic cell-derived sEVs can suppress creatine
import and the immune function of CD8+ T cells by inhibiting SLC6A8 expression.

3.4 | Leukemic cell-derived sEVs transfer miR-19a-3p to inhibit SLC6A8 expression in CD8+ T
cells

It has been reported that RNAs, especially miRNAs, are responsible for tumour cell-derived sEVs that reprogram immune cell
function (Que et al., 2016). Therefore, we wondered whether sEV-related miRNAs could regulate SLC6A8 expression and fur-
ther affect CD8+ T cell function. First, we focused on the upregulated miRNAs in NPMImut AMLs from a previous study,
in which a unique miRNA-signature associated with NPMImut AMLs was identified, using an oligonucleotide microchip for
genome-wide microRNA profiling (Garzon et al., 2008). Simultaneously, we predicted the potential upstream miRNAs target-
ing SLC6A8 using three miRNA prediction algorithms (miRBase (https://www.mirbase.org/), miRDB (http://mirdb.org/), and
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FIGURE 4 Leukemic cell-derived sEVs impair CD8+ T cell function by decreasing SLC6A8 expression. (a~h) CD8+ T cells transfected with an
SLC6A6-overexpression vector (SLC6AS8) or negative control vector (vector) were cultured with OCI/AML3-sEVs. (a) SLC6A8 proteins were detected by
western blotting. (b and ¢) The intracellular levels of creatine (b) and ATP (c) in CD8+ T cells are shown. (d) CD8+ T cell proliferation was evaluated by FCM.
(e and f) IL-2 (e) and IFN-y (f) levels in supernatants from cell cultures were analyzed for using commercially available ELISA kits. (g and h) CD25 (g) and
Granzyme B (h) expression of CD8+ T cells were detected by FCM (*p < 0.05; **p < 0.01; ***p < 0.001; n.s, not significant)

TargetScan (http://www.targetscan.org/vert_71/)). By comparing the upregulated miRNAs in NPMImut AMLs and the potential
upstream miRNAs of SLC6A8, we screened out three potential miRNAs (miR-19a-3p, miR-19b-3p, and miR-29b-3p) that might
be involved in regulating SLC6A8 expression in NPM1mut AMLs (Figure SI0A). gqRT-PCR analysis revealed that miR-19a-3p was
more abundantly expressed compared with miR-19b-3p and miR-29b-3p in NPMImut leukemic cell-derived sEVs (OCI/AML3-
sEVs and Blasts/mut-sEVs) (Figure S10B). Importantly, miR-19a-3p, but not miR-19b-3p and miR-29b-3p, was highly increased
in CD8+ T cells when treated with sEVs from NPMImut leukemic cells, as compared to those from NPMIwt leukemic cells
(Figure S10C-E). In addition, we co-cultured CD8+ T cells with NPMImut leukemic cells transfected with Cy3-tagged miR-19a-
3p and found that miR-19a-3p could be detected in CD8+ T cells (Figure 5a). The transfer of miR-19a-3p from leukemic cells
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Leukaemia-derived sEV's transfer miR-19a-3p to inhibit SLC6A8 expression in CD8+ T cells. (a and b) Leukemic cells transfected with

Cy3-tagged miR-19a-3p (Cy3-miR-19a-3p) were co-cultured with CD8+ T cells for 48 h, with or without GW4869. Fluorescence microscopy was used to detect
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to CD8+ T cells decreased when the leukemic cells were pre-treated with GW4869 (Figure 5b). These data demonstrate that
miR-19a-3p can be transported from leukemic cells into CD8+ T cells via sEV release.

We then explored whether SLC6A8 expression in CD8+ T cells is directly regulated by miR-19a-3p. Bioinformatics analysis
identified a potential miR-19a-3p-binding fragment in the 3’-UTR of the SLC6A8 gene (Figure S11A). A luciferase-reporter assay
showed that the miR-19a-3p mimic significantly inhibited the transcriptional activity of SLC6A8 (Figure S11B). Additionally, gene
set-enrichment analysis (GSEA) confirmed that high miR-19a-3p expression correlated negatively with creatine metabolism in
AML (Figure S11C). The miR-19a-3p mimic treatment (Figure SI11D) reduced endogenous SLC6A8 expression (Figure SIIE),
creatine production (Figure S11F), ATP levels (Figure S11G), and cell function (Figure S1I1IH-L) of CD8+T cells. Notably, overex-
pressing SLC6A8 in CD8+ T cells treated with the miR-19a-3p mimic rescued miR-19a-3p mimic-induced reductions in cellular
creatine levels, ATP production and CD8+ T cell function (Figure SI1IE-L). Conversely, shRNA-mediated KD of miR-19a-3p in
leukemic cells markedly decreased miR-19a-3p levels in sEV's (Figures 5c and S12A). Furthermore, treating CD8+ T cells with
those SEVs (OCI/AML3-sEVs™iR19a-3p KD o Blasts/mut-sEVs™iR192-3p KD) partially rescued SLC6AS expression (Figures 5d and
S12B) and enhanced CD8+ T cell function (Figures 5e-i and S12C-G). Additionally, the levels of serum sEV-related miR-19a-3p
increased significantly in NPM1mut AMLs compared with those in patients with BHD or those in NPM1Iwt AMLs (Figure 6a) and
correlated negatively with SLC6A8 mRNA expression (Figure 6b) and the immune function of CD8+ T cells (Figure 6c-e). Col-
lectively, these data confirm that leukemic cell-derived sEVs transfer miR-19a-3p to CD8+ T cells to inhibit SLC6AS8 expression
and affect CD8+ T cell function.
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3.5 | NPMImA mediates miR-19a-3p expression and packaging into sEVs

Based on the observation that serum sEV-related miR-19a-3p levels were significantly higher in NPM1mut AMLs than in other
AMLs (Figure 6a), we investigated whether sEV-related miR-19a-3p was specifically released from NPMlmut leukemic cells.
By assessing miR-19a-3p levels in AML cells and cell-derived sEVs, we found that miR-19a-3p was higher in both NPMImut
leukemic cells (OCI/AML3 and Blasts/mut) and their sEVs, when compared with those in the indicated NPM1wt leukemic cells
(Figure S13A). In addition, NPM1 KD using a lentivirus-mediated shNPM1 strategy (Figure S13B) significantly attenuated miR-
19a-3p levels in NPMImut leukemic cells (OCI/AML3 and Blasts/mut) and their corresponding sEV's (Figure 7a). Thus, the above
data suggest that sEV-related miR-19a-3p secretion might mainly occur in NPMlmut AML and that NPMImA is required for
the miR-19a-3p expression and/or its packaging into sEVs.

To determine how NPMImA regulates miR-19a-3p expression, we searched for the host gene of miR-19a-3p using the Uni-
versity of California Santa Cruz (UCSC) (http://genome.ucsc.edu/) database (Liang et al., 2018). As shown in Figure 7b, miR-19a
was derived from MIRI7HG. Additionally, NPM1 KD led to a significant decrease in MIRI7HG expression at the transcrip-
tional level in leukemic cells (Figure S13C). After screening for potential transcription factors of MIR17HG using the hTFtarget
database (http://bioinfo.life.hust.edu.cn/hTFtarget#!/) (H. Zhang, Xu, et al., 2020), the master regulator CCCTC binding factor
(CTCF) caught our attention (Figure S13D). ChIP assays showed that CTCF could bind to the MIRI7HG promoter at CCCGA
(El) (Figure 7¢), and dual-luciferase assays showed that the CTCF inhibited MIR17HG transcription (Figure 7d). It was reported
that CTCE, as a transcription inhibition factor, could be transported from the nucleus to the cytoplasm in conjunction with
NPMImA, which would reduce nuclear CTCF levels, and increase the transcription of CTCF-mediated target genes in NPMImut
AML (Wang et al., 2020). Here, we verified that CTCF interacted with NPMImA in NPMlmut leukemic cells (Figure S13E) and
that NPM1 KD enhanced CTCF binding to the MIRI7HG promoter (Figure 7¢). Taken together, these data demonstrate that
NPMImA upregulates miR-19a-3p expression by reducing CTCF-mediated inhibition of miR-19a-3p host gene transcription.

We next investigated whether NPMImA can regulate the specific packaging of miR-19a-3p into sEVs. Given the critical role
of RNA-binding proteins (RBPs) in packaging miRNAs into exosomes (Qin et al., 2019), we first analyzed the RBPs of miR-19a-
3p using the RNA-Binding Protein DataBase (RBPDB; http://rbpdb.ccbr.utoronto.ca/) and found that poly (A)-binding protein
cytoplasmic 1 (PABPC1) and KH-type splicing regulatory protein (KHSRP) potentially served as RBPs that packaging miR-
19a-3p into sEVs (Figure S14A). Further investigations revealed that knocking down PABPCI expression (Figure S14B, left blot
image), but not KHSRP expression (Figure S14B, right blot image), significantly decreased miR-19a-3p levels in OCI/AML3-sEV's
and Blasts/mut-sEVs (Figure 8a), whereas miR-19a-3p levels in OCI/AMLS3 cells and Blasts/mut cells were nearly unchanged
(Figure S14C). Additionally, the interaction between PABPCI and miR-19a-3p in OCI/AML3 and Blasts/mut cells was verified by
performing miRNA pull-down assays (Figure 8b) and RIP assays (Figure 8c). These data indicate that PABPC], as an RBP, plays a
critical role in miR-19a-3p packaging into sEVs. Notably, knocking down NPM1 expression decreased PABPCI expression (Figure
S14D,E) and miR-19a-3p binding with PABPC1 in NPMlmut leukemic cells (Figure S14F). We further explored the probable
mechanisms whereby NPMImA regulates PABPC1 expression using the UCSC database and found that the promoter region
of PABPCI may be highly enriched for H3K27ac (an important histone marker associated with active chromatin) (Figure 8d).
As reported previously, NPMImA can modulate H3K27 acetylation at the HOX promoter to enhance its expression (Brunetti
et al., 2018). Similarly, we found that NPMImA suppression decreased H3K27ac enrichment in the PABPCI gene promoter in
OCI/AML3 and Blasts/mut cells (Figure 8e), indicating that NPMImA regulated PABPC1 expression by modulating H3K27
acetylation.

Collectively, these findings show that NPM1mA accelerates the production of sEV-related miR-19a-3p by upregulating cellular
miR-19a-3p expression and its packaging into sEVs.

3.6 | Leukemia-derived sEVs impair CD8+ T cell antitumour function in vivo

To expand our findings, OCI/AML3 cells and engineered OCI-AML3 cells were injected into huHSC-NSG mice to test their
effects on leukemogenesis and CD8+ T cell function in vivo. The mice injected with OCI/AML3 miR-19a-3p KD cells showed
longer survival time than those injected with OCI/AML3 mock cells or OCI/AML3 NC cells, whereas OCI/AML3-sEV sup-
plementation shortened the survival time (Figure 9a). Next, leukemic cell infiltration was assessed. As shown in Figure 9b-e,
miR-19a-3p KD reduced human-CD45+ cells in the peripheral blood (Figure 9b) and leukemic cells in the bone marrow (Fig-
ure 9¢), and curbed liver and splenic infiltration as identified by H&E staining (Figure 9d) and IF staining (for the leukaemia
biomarker NPM1mA) (Figure 9¢). In addition, sSEV-related miR-19a-3p expression decreased in the bone marrow aspirates (Fig-
ure SI5A). Administering OCI/AML3-sEV's to miR-19a-3p KD mice could partially rescue leukemic cell infiltration (Figure 9b-
e). Finally, CD8+ T cell levels in the bone marrow were investigated, and the results showed that miR-19a-3p KD led to a higher
CD8+ T cell contents (Figure 9f) and increased IL-2 and IFN-y secretion (Figure 9g-i), with OCI/AML3-sEVs being able to
partially reverse these effects (Figure 9f-i). Additionally, miR-19a-3p KD increased SLC6A8 expression (Figure 9j) and creatine
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FIGURE 7 NPMImA induces miR-19a-3p expression by CTCF-mediated transcription inhibition. (a) Leukemic cells were transfected with shRNA
against NPM1 (shNPM1-#3), and the expression of miR-19a-3p in the indicated cells and cell-derived sEVs was detected by qRT-PCR. (b) Illustration of the
genomic location of miR-19a in the host gene, MIR17HG. The CTCF-binding motifs in the promoter region of MIRI7HG are indicated. (c) CTCF binding to
the promoter of MIR17HG was determined by performing ChIP assays. miR-19a-3p levels in immunoprecipitated samples were determined by qRT-PCR and
are shown as percentages with respect to the input sample (% input). (d) Transcriptional inhibition of MIR17HG by CTCF was determined by performing
dual-luciferase assays. (e) The enrichment of CTCF at the MIR17HG promoter in leukemic cells (treated with or without NPM1 shRNA) was detected by ChIP

production (Figure 9k) in CD8+ T cells, and OCI/AML3-sEV supplementation attenuated these effects (Figure 9j,k). These data
suggest that leukemic cells impair CD8+ T cell antitumour function by transferring sEV-related miR-19a-3p, which contributes

to the immune evasion of leukemic cells in vivo.

Taken together, our findings confirm that sEV-related miR-19a-3p is enhanced by NPMImA and can be transferred from
leukemic cells to CD8+ T cells, and thereby suppresses the immune function of CD8+ T cells by inhibiting SLC6A8-mediated

creatine import (Figure 10).
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FIGURE 8 NPMImA accelerates the production of sEV-related miR-19a-3p by upregulating cellular miR-19a-3p and PABPCI1 expression. (a) The
expression of miR-19a-3p in the sEVs derived from leukemic cells (with or without PABPCI1 or KHSRP KD) was detected by qRT-PCR. (b) PABPCI expression
in leukemic cell lysates (recovered by miRNA pulldown) was determined by western blotting. Biotin-poly (g) was used as a negative control. (c) RIP assays with
an anti-PABPCI antibody (or IgG as a control) were performed with leukemic cells. MiR-19a-3p levels in immunoprecipitated samples were determined by
qRT-PCR and are reported as percentages with respect to the input sample (% input). (d) The H3K27ac-enriched area in the promoter of PABPC1 was
predicted using the UCSC Genome Browser. (e) The enrichment of H3K27ac in the PABPCI1 promoter in OCI/AML3 cells (treated with or without
shNPMI-#3) was detected by ChIP. H3K27ac levels in immunoprecipitated samples were determined by qRT-PCR and are reported as percentages with respect
to the input sample (% input)

4 | DISCUSSION

The aim of cancer immunotherapy is to improve antitumour immune responses by activating or boosting the immune system
to attack cancer cells. This approach has recently shifted the paradigm for cancer treatment and has fewer off-target effects than
chemotherapies and other treatments (Rosenberg, 2014). Inmunotherapy is recognized as a promising strategy to treat and cure
certain types of cancers (Berraondo et al., 2019), but this benefit remains limited to patients with NPMlmut AML. Therefore,
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there is an urgent need to improve our understanding of immune regulation in NPMImut AML. Herein, our data demonstrated
that leukemic cells impaired the immune function of CD8+ T cells by inhibiting creatine import.

Metabolic reprogramming of immune cells plays a critical role in cancer progression. Enhanced glycolysis, fatty acid
metabolism, and amino acid metabolism promote the immune effects of related cells, such as T cells and macrophages (D.-
P. Chen et al.,, 2019; Makowski et al., 2020). Recently, growing evidence has shown that the TME can alter the metabolism of
immune-related cells, thus impairing antitumour immunity. LDHA-associated acid accumulation in melanomas inhibits the
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immune function of natural killer and T cells, and leads to tumour immune escape (Brand et al., 2016). Tumour cells disrupt
methionine metabolism in CD8+ T cells, thereby lowering the intracellular levels of methionine and the methyl donor S-
adenosylmethionine, which impairs T cell immunity (Bian et al., 2020). Here, we discovered that leukemic cells downregulated
creatine import in CD8+ T cells, leading to the repression of immune function. Creatine is broadly used by bodybuilders and
athletes to increase muscle mass and improve performance (Wyss & Kaddurah-Daouk, 2000). A few recent reports have shown
that creatine is involved in maintaining T cell function. For example, Di Biase et al. revealed that tumor-infiltrating T cells used
glycolysis and/or the tricarboxylic acid cycle to convert nutrients (e.g., glucose, amino acids, and lipids) into bioenergy in the
form of ATP, while using creatine as a “molecular battery” to store bioenergy and buffer the intracellular ATP level, which sup-
ported T cell antitumour activities (Di Biase et al., 2019). Our research shows that leukemic cells inhibit creatine import in CD8+
T cells, which is pivotal to further efforts to understand the effect of creatine metabolism on immune cell function.

Tumour-derived exosomes can shuttle from cancer cells to immune cells and participate in tumour immune escape (Whiteside,
2016). Accumulating evidence suggests that exosomal miRNAs contribute to reprogramming the function of immune target cells
(Li et al., 2019). For example, exosomal miR-23a from endoplasmic reticulum-stressed hepatocellular carcinoma cells was found
to upregulate PD-L1 expression in macrophages via the PTEN/AKT pathway and inhibit T cell antitumour function (Sun, in
press). Exosomal miR-125b-5p from cancer cells can be delivered to macrophages and induce the observed tumour-promoting
macrophage phenotype in melanoma (Gerloff & Liitzkendorf, 2020). However, few studies have focused on leukemic cell-derived
sEVs. Here, we revealed that sEV-related miR-19a-3p from NPMlmut leukemic cells could be transferred to CD8+ T cells and
impair CD8+ T cell function. It has been reported that the miR-17-19 cluster is a potent and pleiotropic regulator of T cell
responses and miR-19a is mainly involved in promoting Thl and Th2 cell differentiation (Jiang et al., 2011; Simpson et al., 2014).
Additionally, recent findings have revealed that miR-19a-3p can be secreted into the microenvironment via sEVs. For example,
miR-19a-3p contained in angiogenic exosomes can induce angiogenesis and decrease myocardial ischemia (Gollmann-Tepekoylii
et al., 2020). Exosomal miR-19a from adipose-derived stem cells can suppress the differentiation of rabbit corneal keratocytes
into myofibroblasts by inhibiting HIPK?2 expression (Shen et al., 2020). In this study, we found that sEV-related miR-19a-3p from
NPMImut leukemic cells impaired CD8+ T cell immune function.

SLC6AS belongs to the solute carrier six family, specifically acting to transport creatine into cells, and is mainly expressed in
organs such as the brain and skeletal muscles that have high demands for creatine (Stockebrand et al., 2018). Recently, it was
reported that SLC6A8 was highly expressed in immune cells, such as macrophages (Ji et al., 2019) and tumour-infiltrating T cells
(Di Biase et al., 2019). Here, we showed that SLC6A8 was highly expressed in activated CD8+ T cells and that leukaemia-derived
sEV-related miR-19a-3p directly inhibited SLC6A8 expression in CD8+ T cells. Previous findings have suggested that SLC6A8
activity/expression may be regulated by extracellular and cytosolic creatine levels (Alfieri et al., 2006), hormones (Omerovic et al.,
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2003), and kinase activity (such as AMP-activated kinase and glycogen synthase kinase) (Darrabie et al., 2011; Fezai et al., 2016).
Herein, we revealed that miR-19a-3p directly inhibited SLC6A8 expression at the transcriptional level.

The targeted export of miRNAs to sEVs may require specific mechanisms. Recently, some reports have indicated that RBPs
participate in the specific loading of miRNAs into exosomes (Santangelo et al., 2016). For example, hnRNPA2BI was shown to
enhance exosomal miRNA export from T cells (Villarroya-Beltri et al., 2013). In addition, relevant functions in miRNA trafficking
were demonstrated for AGO2 and Y-box in colon cancer cells and HEK293T cells, respectively (Mckenzie et al., 2016; Shurtleff
etal., 2016). However, the effects of RBPs on sEV-related miRNA secretion in AML, especially in NPMImut AML, remain poorly
understood. PABPCI is a cytosolic protein that binds to the indicated miRNAs and regulates miRNA-mediated gene function
(Lemay et al., 2010). For example, PABPCl interacts with AGO2 or GW182 to enhance miRNA-mediated gene silencing in high-
grade hepatocellular carcinoma (Huntzinger et al., 2010; H. Zhang et al., 2015). Recently, proteomic profiling of two distinct
populations of extracellular vesicles isolated from human seminal plasma showed that PABPCI1 may facilitate the RNA loading
of extracellular vesicles (Q. Zhang, Liu, et al., 2020). Here, we found that PABPCI interacted with miR-19a-3p and regulates
miR-19a-3p packaging into sEVs.

NPMImA participates in various cellular processes in leukaemia progression, such as leukemic cell survival (Jin et al., 2018;
W. Zhang et al., 2018), invasion (Xian et al., 2016), and autophagy (Zou et al., 2017). Here, we revealed that NPM1mA enhanced
the immune escape of leukemic cells by promoting sEV-related miR-19a-3p secretion. NPMImA enhanced cellular miR-19a-3p
expression by regulating CTCE NPM1ImA was previously reported to interact with CTCF and mediate CTCF translocation from
the nucleus to the cytoplasm, which repressed the function of CTCF-mediated transcription inhibition (Wang et al., 2020). In
this study, we found that decreased CTCF expression in the nucleus attenuated its transcriptional inhibition of MIRI7HG, the
host gene of miR-19a-3p, and thus upregulated miR-19a-3p levels. In addition, NPMImA promoted miR-19a-3p packaging into
sEV's by upregulating H3K27 acetylation-activated PABPCI. As reported previously, NPMImA modulated H3K27 acetylation at
the HOX promoter to enhance HOX expression (Brunetti et al., 2018). Additionally, H3K27 acetylation of PABPCI was enhanced
by the long non-coding RNA SNHGI4 in hepatocellular carcinoma and breast cancer cells (Dong et al., 2018; X. Zhang, Vos, etal.,
2020). This evidence supports our finding that NPMImA modulated H3K27 acetylation at the PABPC1 promoter to enhance its
expression.

5 | CONCLUSION

In summary, our findings revealed that leukemic cells can impair CD8+ T cell antitumour immunity by repressing creatine
import. NPMImA enhanced the secretion of sEV-related miR-19a-3p from leukemic cells by upregulating cellular miR-19a-3p
expression and packaging miR-19a-3p into sEVs. The sEV-related miR-19a-3p was internalized by CD8+ T cells and further
inhibited SLC6A8-mediated creatine import, which impaired immune function. Collectively, our present findings provide a new
perspective on leukaemia immune escape mechanisms, and suggest that sEV-related miR-19a-3p, especially the signalling that
leads to preferential packaging of miR-19a-3p into sEVs, may be an important therapeutic target for NPM1mut AML.
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