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ABSTRACT
Background  As a malignancy of hematopoietic origin, 
the standard-of-care cytoreductive chemotherapy can 
not provide satisfactory treatment effect for patients 
with acute myeloid leukemia (AML). Immunotherapy has 
received increasing attention in leukemia treatment. 
However, the immunosuppressive microenvironment and 
low cancer immunogenicity of AML blasts create major 
obstacles to effectively inducing immune responses.
Methods  We developed an extracellular vesicle-based 
dual-delivery biosystem, which enhanced anti-AML 
immune responses by activating the immunogenicity of 
leukemia cells and relieving immunosuppression in AML 
allografted mice. Red blood cell-derived extracellular 
vesicles (REVs) were selected as delivery carriers due 
to the excellent biocompatibility. REVs were ligated with 
leukemia-targeting peptide P9 and subsequently loaded 
with immunogenic cell death (ICD) inducer (Doxorubicin, 
Dox) and indoleamine 2,3-dioxygenase-1 siRNA (siIDO1) 
to construct a chemoimmunological cascade biosystem 
(REVs-Dox/siIDO1-P9).
Results  The biosystem can specifically deliver the 
loaded Dox and siIDO1 into target leukemia cells and was 
validated capable of inducing efficient ICD. ICD-mediated 
release of damage-associated molecular patterns 
synergistically functions with siIDO1-mediated IDO1 
silence to effectually recruit CD8+ T cells and enhance 
CD8+ T cell’s functions. In the AML mouse model, REVs-
Dox/siIDO1-P9 can evoke a strong antileukemia response 
and prolong leukemia-bearing mice survival compared 
with REVs-Dox/siNC-P9 and REVs-siIDO1-P9.
Conclusion  Our findings indicate that the extracellular 
vesicle-based chemoimmunological cascade biosystem 
provides a novel strategy for AML treatment.

INTRODUCTION
Acute myeloid leukemia (AML) is a hema-
tological malignancy, featuring an overall 
5-year survival rate of approximately 29%.1 
Currently, combination chemotherapy is 
the standard care for inducing complete 
remission in AML, but its curative success is 
limited.2 Therefore, there is an urgent need 

to develop alternative, more effective treat-
ment strategies for AML.

Immunotherapy, which harnesses the 
patient’s immune response, has brought 
about a revolution in cancer treatment over 
the past decades.3 4 Myeloblasts in AML are 
susceptible to the graft-versus-leukemia effect 
observed with allogeneic hematopoietic stem 
cell transplantation,5 suggesting potential 
for leveraging the immune system to erad-
icate these cells. However, AML-associated 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The standard-of-care cytoreductive chemotherapy 
can not provide satisfactory treatment effect for pa-
tients with acute myeloid leukemia (AML).

	⇒ Despite the clinical potential of immunotherapy 
for AML, its effectiveness is constrained by the 
dual challenges of immunosuppressive niches and 
tumor-intrinsic low immunogenicity.

WHAT THIS STUDY ADDS
	⇒ This study revealed that red blood cell-derived 
extracellular vesicles (REVs)-Doxorubicin (Dox)/in-
doleamine 2,3-dioxygenase-1 siRNA (siIDO1)-P9, an 
extracellular vesicle-based dual-delivery biosystem, 
could specifically deliver the loaded Dox (immu-
nogenic cell death inducer) and siIDO1 into target 
leukemia cells.

	⇒ In the AML mouse model, REVs-Dox/siIDO1-P9 was 
validated as capable of activating the immunogenic-
ity of leukemia cells and relieving immunosuppres-
sion within the tumor microenvironment, evoking 
strong anti-AML immune responses and prolonging 
leukemia-bearing mice survival.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study elucidates the critical role of chemo-
immunotherapy in enhancing anti-AML immune 
responses and provides a novel therapeutic strategy 
for this disease.
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myeloblasts typically exhibit low mutational burdens, weak 
stimulation of host immune cells, and mechanisms that 
inhibit effector T cell responses.6 Recent findings found 
that serum amyloid A (SAA) derived from osteoblasts 
could induce leukemia cells to upregulate indoleamine 
2,3-dioxygenase-1 (IDO1) expression, a key enzyme 
in catalytic conversion of L-tryptophan (L-Trp) into 
Kynurenine (Kyn).7 8 This metabolic shift towards L-Trp 
deficiency and Kyn accumulation suppressed the activity 
of cytotoxic T lymphocytes (CTLs) and facilitated immu-
nosuppressive regulatory T cell proliferation.9 10 The SAA-
IDO1 axis supported leukemia progression by enhancing 
Kyn secretion and facilitating immune evasion. Despite 
favorable outcomes with IDO inhibitors,11–13 many 
patients obtain only limited benefit due to the tumor’s 
low immunogenicity and inadequate immune cell infiltra-
tion, resulting in suboptimal immune therapy effects.14 15 
Thus, strategies enhancing immunogenicity and immune 
cell infiltration are essential to broaden the patient popu-
lation benefiting from IDO1 inhibition therapy.

Immunogenic cell death (ICD), a specialized form 
of cancer cell death, enhances tumor antigen presenta-
tion by releasing damage-associated molecular patterns 
(DAMPs) such as surface-calreticulin (CRT), extracellular 
ATP, and high mobility group box 1 (HMGB1).16 The 
ICD cascade augments dendritic cells (DCs) maturation 
and CTLs recruitment in the tumor microenvironment.17 
Studies have shown that chemotherapeutic agents such 
as Doxorubicin (Dox) can induce ICD, thereby boosting 
tumor-specific immune responses.18 Therefore, Dox 
combined with IDO inhibitors may not only directly kill 
AML cells but also enhance antigen release, potentially 
shifting the immune balance from immunosuppression 
to anti-AML immunity. Taking the above considerations 
into account, developing a multifunctional platform to 
integrate chemotherapy and immunotherapy is crucial 
for advancing effective AML treatment.

Our previous study showed that, as important media-
tors of intercellular communication, extracellular vesi-
cles (EVs) could transfer nucleic acid contents between 
leukemia cells and CD8+ T cells, making them prom-
ising as drug delivery carriers.19 It is well established that 
red blood cell-derived extracellular vesicles (REVs) not 
only feature safety, versatility, and easy accessibility, but 
also demonstrate intrinsic liver-targeting properties.20 21 
Liver infiltration of leukemia cells occurs in over 75% 
of patients with AML.22 Therefore, REVs have consider-
able potential in AML treatment applications.23 Notably, 
leukemia cells with disseminated nature are exposed to 
other extramedullary sites, including peripheral blood 
and spleen.22 Targeted delivery by EVs has shown signif-
icant advantages by increasing delivery efficacy and 
extending drug retention at the disease site.24 Through 
genetic engineering and chemical modification, peptides 
or protein motifs can be integrated on the surface of EVs, 
enabling cell-targeting capabilities.25 26 For instance, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-polyethy
lene glycol (DSPE-PEG) has been used to functionalize 

cell-targeting motifs on exosome surfaces.27 Previous 
studies have confirmed that C-type lectin-like molecule-1 
(CLL-1) is highly expressed on the cell membrane of 
leukemia cells and CD34+CD38− leukemogenic stem cells 
rather than on CD34+CD38− hematopoietic stem cells.28 
The targeting peptide CDLRSAAVC (named P9), which 
binds to CLL-1, imparts leukemia-specific targeting prop-
erties to nanoparticles, facilitating drug delivery and 
AML treatment.28 It is expected that the engineered 
REVs would use their high biocompatibility and targeting 
behavior to reduce the leukemic burden in both intra-
medullary and extramedullary organs, achieving a desir-
able AML treatment effect that eradicates tumors and 
boosts immune function.

Here, we developed a REVs-based biosystem co-deliv-
ering Dox and siIDO1, named as REVs-Dox/siIDO1-P9, 
for chemoimmunological cascade therapy of AML. Func-
tionalized on the surface of REVs, targeting peptide P9 
enabled REVs-Dox/siIDO1-P9 to efficiently recognize 
leukemia cells. REVs-Dox/siIDO1-P9 was internalized 
by leukemia cells to precisely release Dox and siIDO1, 
resulting in ICD and intracellular IDO1 downregulation, 
thereby providing a two-pronged antileukemia strategy. 
Tested in AML allografted mouse models, REVs-Dox/
siIDO1-P9 was proved to effectively stimulate DC matu-
ration, activate T cells, and recruit CTLs in the tumor 
microenvironment, provoking superior antileukemia effi-
cacies and eliciting enhanced immunotherapy.

MATERIALS AND METHODS
Clinical samples
Bone marrow or peripheral blood samples from nine 
patients with AML were acquired from the First Affiliated 
Hospital of Chongqing Medical University. The clinical 
characteristics of the patients are presented in online 
supplemental table 1.

Cell culture
The AML cell lines (human: THP-1, HL-60; mouse: 
C1498), human chronic myeloid leukemia (CML) cell 
line K562 and human bone marrow stromal cell line HS5 
were procured from American Tissue Culture Collec-
tion (USA). For bioluminescent tracking, THP-1/C1498 
cells were transfected with a double-fusion protein 
reporter containing firefly luciferase (Luc) and green 
fluorescent protein (GFP), named Luc-GFP-THP-1 and 
Luc-GFP-C1498. C1498, Luc-GFP-C1498, and HS5 cells 
were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco, Australia) containing 10% fetal bovine 
serum (FBS, Gibco), and the rest of the cells were 
cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium (Gibco) containing 10% FBS. AML 
primary blasts were collected and cultured according 
to our previous study.19 The human hematopoietic stem 
cells (HSCs) were isolated from bone marrow samples 
of patients with benign hematological diseases (eg, iron 
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deficiency anemia), using the EasySep human PE Posi-
tive/Negative Selection Kit II (STEMCELL) with CD34+ 
and CD38− antibodies.

Chemicals
P9 (CDLRSAAVC), P9-PEG2k-DSPE (with/without 
fluorescein isothiocyanate [FITC] modification), and 
scramble peptide (Pscr)-PEG2k-DSPE were synthesized by 
ChinaPeptides. IDO1 siRNA (siIDO1) and cholesterol-
conjugated IDO1 siRNA (chol-siIDO1) were synthe-
sized by GenePharma (Shanghai, China). Sequences of 
siRNAs were as follows: the human siIDO1 (sense strand, 
5′-​GGGAAGACCCAAAGGAG​UUTT-3′), the mouse 
siIDO1 (sense strand, 5′-​GCAA​UAUU​GCUG​UUCC​
CUATT-3′), the small interfering negative control (siNC) 
(sense strand, 5′-​UUCU​CCGA​ACGU​GUCA​CGUTT-3′), 
and their Cy5-labeled version were also acquired from 
GenePharma. Dox was purchased from Sangon Biotech 
(Shanghai, China). Dialysis bag (MW=12 kDa) was 
procured from Sigma (USA). 1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate (DiL), 
3,3'-Dioctadecyloxacarbocyanine Perchlorate (DiO), 
1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine 
Perchlorate (DiD), and D-luciferin were from Beyo-
time (Beijing, China), ZFdows Bio (Nanjing, China), 
Molecular Probes (Eugene, OR, USA) and Maokangbio 
(Shanghai, China), respectively.

Isolation and purification of REVs
REVs were separated as previously described.29 Blood 
samples of blood group O were provided by healthy donors 
with informed consent. Red blood cells (RBCs) were sepa-
rated from plasma and white blood cells through centrif-
ugation and leukodepletion filters (Terumo, Japan). 
Then, RBCs were incubated in phosphate-buffered saline 
(PBS) containing calcium ionophore (10 µM, Sigma) 
overnight at 37°C. RBCs and cell debris were removed by 
sequential centrifugation at 600 × g for 20 min, 1600 × 
g for 15 min, and 3260 × g for 15 min at 4°C. The super-
natant was ultracentrifuged at 100 000 × g for 70 min at 
4°C. The sediment was resuspended in PBS and loaded 
onto a 60% sucrose cushion, followed by ultracentrif-
ugation at 100 000 × g for 16 hours at 4°C. REVs were 
collected at the interface and washed with PBS at 100 000 
× g for 70 min at 4°C. Finally, purified REVs were stored 
at −80°C. The total protein content and particle concen-
tration of REVs were measured by bicinchoninic acid 
(BCA) assay and nanoparticle tracking analysis (NTA), 
respectively. The size distribution and the Zeta potential 
of REVs were measured with Zetaview (Particle Metrix, 
Germany), and REVs morphology was observed under 
transmission electron microscope (TEM). Polydispersity 
Index was measured with Zetasizer Nano (Malvern, UK). 
The specific markers of REVs were detected by western 
blotting. REVs were stained by DiL/DiO/DiD according 
to the manufacturer’s manuals, and the dyed REVs were 
stored.

Construction and characterization of REVs-Dox/siIDO1-P9
Total 40 µg P9-PEG2k-DSPE was incubated with 100 µL 
as-prepared REVs for 30 min at 37°C in a shaker to yield 
P9-functionalized REVs (REVs-P9). Similarly, P9-PEG2k-
DSPE (labeled with FITC) was incubated with REVs at 
37°C for 0.5 hours, thoroughly washed with PBS, and 
checked by confocal laser scanning microscopy (CLSM; 
Leica, Wetzlar, Germany). Then, the fluorescence inten-
sity of purified REVs-P9 was determined with a fluo-
rospectrophotometer (UV2600, Shimadzu, Japan), and 
the loading efficiency of P9-PEG2k-DSPE was calculated 
from a quality standard curve.

To entrap Dox into REVs-P9, 40 µg Dox was added 
to 100 µg REVs-P9 suspended in PBS. The mixture was 
sonicated in an ice bath at 20% amplitude for six cycles 
(30 s on, 150 s off) to prepare Dox-loaded REVs (REVs-
Dox-P9). After that, it was placed at 37°C for 1 hour to 
allow REVs membrane recovery. Then the sonicated solu-
tion was replaced with RNase-free PBS buffer in prepara-
tion for siIDO1 loading. Cholesterol-conjugated siIDO1 
(2.5 µg) was added in the PBS buffer with REVs-Dox-P9 
(1 × 1010 particles) and shaken at 25°C for 1 hour to form 
REVs-Dox/siIDO1-P9.30 Unbound siIDO1 molecules were 
removed by ultracentrifugation (100 000×g for 70 min at 
4°C). The successful loading of siIDO1 was confirmed by 
a gel retardation assay. Finally, the successfully prepared 
REVs-Dox/siIDO1-P9 were suspended in PBS for the 
next study. REVs-Dox/siNC-P9 and REVs-siIDO1-P9 were 
synthesized as described above.

The amount of Dox loaded into REVs was calculated 
from a concentration standard curve based on the absor-
bance intensity at 485 nm using the microplate spectro-
photometer (Bio-Tek, USA). For siIDO1 loading capacity, 
Cy5-labeled siRNA was used, and the fluorescence 
intensity was evaluated by a fluorospectrophotometer 
(Shimadzu) and calculated from a concentration stan-
dard curve. The siIDO1 number loaded per REVs was 
calculated by dividing the total retained siIDO1 amount 
by REVs number.31 The size distribution, zeta potential, 
and morphology of REVs-Dox/siIDO1-P9 were measured 
as mentioned above.

Stability of REVs-Dox/siIDO1-P9
The purified REVs-Dox/siIDO1-P9 were resuspended 
in PBS (4°C) or serum (37°C) for 7 days. Particle size 
of REVs-Dox/siIDO1-P9 in PBS or serum was evaluated 
every day using Zetaview.

In vitro uptake and delivery of REVs
A total of 5 × 105 cells were cultured with DiD-labeled 
REVs (1 × 106 particles per cell) for 4 hours. The cells were 
then collected, detecting DiD-positive cells percentage by 
flow cytometry. To visualize REVs uptake in vitro, approxi-
mately 5 × 105 tumor cells were cultured with DiO-labeled 
REVs (1 × 106 particles per cell) for 4 hours. Subsequently, 
the cells were washed and fixed with 4% formaldehyde, 
imaged under CLSM.
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In vitro cytotoxicity analysis
The cytotoxicity of REVs (at concentrations of 0 µg/mL, 
50 µg/mL, 100 µg/mL, 150 µg/mL, 200 µg/mL, and 
300 µg/mL) and the effects of REVs-Dox/siIDO1-P9 (at 
Dox equiv. 0.2 µg/mL, 0.8 µg/mL, 1 µg/mL, 3 µg/mL, 5 
µg/mL, or 10 µg/mL) were determined in HS5, THP-1, 
HL-60, and C1498 cells using Cell Counting Kit-8 (CCK8; 
Solarbio, Beijing, China) after incubation for 24 hours. 
THP-1 and C1498 cells were treated with PBS, free Dox, 
REVs-Dox/siIDO1-Pscr, and REVs-Dox/siIDO1-P9 (at 
Dox equiv. 0.2 µg/mL, 0.8 µg/mL, 1 µg/mL, 3 µg/mL, 5 
µg/mL, or 10 µg/mL) to detect the cytotoxicity effects of 
REVs-Dox/siIDO1-P9 by CCK8.

Flow cytometry analysis
For CLL-1 detection, cells were washed twice with cold 
PBS and stained with anti-CLL-1-FITC (Biolegend, USA) 
for 30 min at 4°C in the dark, followed by flow cytometry 
analysis.

Three days post-treatment, bone marrow and draining 
lymph node samples were collected and dispersed 
into single cells. Prepared samples were stained with 
fluorochrome-labeled antibodies. The following anti-
bodies were used: anti-CD11c-APC, anti-CD80-BV421, 
anti-CD86-PE, anti-CD3-PE, anti-CD8-APC, anti-Ki67-PE, 
anti-IFN-γ-PE, anti-PD-1-PE, and anti-TIM-3-PE (all from 
Biolegend).

The Annexin V APC-DAPI staining assay was used for 
detecting cell apoptosis. THP-1, AML primary blasts, 
and C1498 cells were treated with free Dox, REVs-Dox/
siIDO1-Pscr, and REVs-Dox/siIDO1-P9 (at Dox equiv. 
5 µg/mL) for 48 hours. The stained cells were detected 
using the fluorescence-activated cell sorting (FACS) 
Calibur instrument (Becton Dickinson, USA).

RNA extraction and quantitative reverse transcription PCR 
(qRT-PCR)
Total RNA was extracted from cells with Trizol (Ther-
moFisher, USA). The complementary deoxyribonucleic 
acid (cDNA) was gained from the purified RNA using 
a PrimeScript RT Reagent Kit (Takara, Japan). Reverse 
transcription was performed using 1 µg total RNA and 
PrimeScript RT Reagent Kit, and then the qRT-PCR reac-
tion was performed with 2 µL cDNA and SYBR Premix Ex 
Taq II. All experiments were executed at least three times. 
Primer sequences used are shown in online supplemental 
table 2.

Western blot analysis
In short, proteins of cells/REVs were extracted with 
radioimmunoprecipitation assay (RIPA) buffer and quan-
tified by BCA assay kit (Solarbio). After electrophoresis, 
the protein was transferred to polyvinylidene fluoride 
(PVDF) membrane, blocked with 5% skim milk, and incu-
bated with primary and secondary antibodies. Blots were 
detected using an enhanced chemiluminescence (ECL) 
Kit (MultiSciences, Hangzhou, Zhejiang, China) and 
visualized by Image Lab. The following antibodies were 

used according to the manufacturer’s manuals: mouse 
anti-ALG-2-interacting protein X (anti-ALIX) (#sc-53538, 
Santa Cruz, dilution 1:1,000), rabbit anti-tumor suscep-
tibility gene 101 (anti-TSG101) (#72312, Cell Signaling 
Technology, dilution 1:1,000), mouse anti-glycophorin 
A (anti-GPA) (#sc-53905, Santa Cruz, dilution 1: 2,000), 
rabbit anti-hemoglobin A (anti-HBA) (#sc-21005, Santa 
Cruz, dilution 1:1,000), mouse anti-ACTIN (#TA-09, 
ZSGB-BIO dilution 1:1,000), mouse anti-Flotillin-2 (#sc-
28320, Santa Cruz, dilution 1:2,000), mouse anti-GM130 
(#sc-55590, Santa Cruz, 1:500), mouse anti-calnexin (anti-
CANX) (#sc-23954, Santa Cruz, dilution 1:500), rabbit 
anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (#sc-25778, Santa Cruz, dilution 1:1,000) and 
mouse anti-Stomatin (anti-STOM) (#sc-376869, Santa 
Cruz, dilution 1:1,000).

Confirmation of ICD
After 24 hours Dox or REVs-Dox/siIDO1-P9 treatment, 
cell culture supernatant of THP-1 and leukemia primary 
blasts was collected and measured using the ATP Assay 
Kit (Solarbio) and the Human HMGB1 ELISA Kit (Elab-
science, Wuhan, China). Meanwhile, the cells were fixed 
with 4% paraformaldehyde. Then, cells were incubated 
overnight with rabbit anti-CRT (#27 298–1-AP, Protein-
tech, dilution 1:50) or rabbit anti-HMGB1 (#A5052, 
Selleck, dilution 1:50) antibody at 4°C, and incubated 
with secondary antibody for 1 hour at 25°C. Subse-
quently, stained with DAPI, the cells were imaged using 
CLSM. To evaluate the ICD effects in vivo, we subcuta-
neously injected 1 × 106 C1498 cells into C57BL/6 mice. 
The mice were given PBS, free Dox, and REVs-Dox/
siIDO1-P9 (3 mg/kg Dox equivalent) intravenously when 
the tumor volume reached 100 mm3. After 48 hours, the 
tumors were collected, and interstitial fluid was acquired 
by centrifuging. ATP and HMGB1 release were detected 
as mentioned above.

In vitro induction of DC maturation
Human peripheral blood mononuclear cells (PBMCs)-
derived DCs were prepared according to a previous 
study.32 Briefly, human monocytes were acquired by 
plastic adherence of PBMCs. The enriched monocytes 
were placed in medium containing 100 ng/mL human 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF, PeproTech, America) and 20 ng/mL human 
interleukin (IL) 4 (InvivoGen, France) for 2 days. Subse-
quently, the medium was changed, and 10 ng/mL tumor 
necrosis factor-alpha (TNF-α, InvivoGen) was added 
for 24 hours to obtain human DCs. Treated with PBS/
Dox/REVs-Dox/siIDO1-P9 (at Dox equivalent 5 µg/
mL) for 12 hours, AML primary blasts were washed and 
co-cultured with human DCs for another 12 hours. The 
maturation of DCs (CD80+CD86+) was detected with flow 
cytometry.

AML animal models establishment
To generate AML-xenografted mice, Luc-GFP-THP-1 
cells (1 × 106, PBS suspension) were intravenously 
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injected into NOD-Prkdcscid Il2rgnull (NCG) mouse 
(female, 6–8 weeks, GemPharmatech). To generate 
AML-allografted mice, C57BL/6 mice (female, 6–8 
weeks, the laboratory animal center of Chongqing 
Medical University) were injected intravenously with 
5 × 105 Luc-GFP-C1498 cells. To confirm the onset of 
leukemia, the mice were intraperitoneally injected with 
D-luciferin (150 µg/g) to monitor leukemia signals 
via bioluminescent imaging with the In Vivo Imaging 
System (the Berthold Technologies LB983). When the 
bioluminescence signal became visible, it indicated that 
the AML animal model was successfully generated. Prior 
to treatment initiation, mice were stratified based on 
quantitative bioluminescence imaging signal intensity to 
ensure equivalent leukemia burden across groups. Mice 
with comparable leukemia burden were then randomly 
allocated into treatment groups.

In vivo uptake and delivery of REVs-Dox/siIDO1-P9
To detect REVs uptake by leukemia cells (GFP+) in 
vivo, leukemia mice were injected intravenously with 
REVs-Dox/siIDO1-Pscr or REVs-Dox/siIDO1-P9 (labeled 
with DiD, 3 × 1010 particles/injection). After 6 hours, mice 
were euthanized and tissues (bone marrow, liver, spleen, 
and peripheral blood) were obtained. Subsequently, the 
single-cell suspension is prepared as described above. 
DiD+GFP+ fluorescence signal was measured through flow 
cytometry.

In vivo antileukemia activity of REVs-Dox/siIDO1-P9
The anti-leukemogenic effect of REVs-Dox/siIDO1-P9 
was observed in C57BL/6 mice. Successfully allografted 
mice were randomized into five groups and intravenously 
injected with PBS, REVs, REVs-Dox/siNC-P9, REVs-
siIDO1-P9, or REVs-Dox/siIDO1-P9 (3 × 1010 particles for 
each dose: Dox equivalent 3 mg/kg and siIDO1 equiva-
lent 5 nmol/kg) every 2 days for a total of six times. Body 
weights were monitored during treatment progress at 
regular intervals. Three days post-treatment, biolumines-
cent imaging was performed. Subsequently, the mice were 
euthanized, and the spleens were weighed. Bone marrow 
cells were isolated and stained with Giemsa. The spleens, 
livers, and lungs were harvested for H&E staining. Addi-
tionally, the percentage of GFP+ AML cells was detected 
by flow cytometry. Kaplan-Meier survival analysis was 
conducted in another batch.

In vivo biosafety of REVs-Dox/siIDO1-P9
To assess in vivo biosafety of REVs-Dox/siIDO1-P9, 
C57BL/6 mice were treated six times with PBS, REVs, 
and REVs-Dox/siIDO1-P9 (3 × 1010 particles/injec-
tion), respectively. The day after the last injection, blood 
samples were drawn for routine hematological and 
biochemical tests. The main tissues (spleen, liver, heart, 
lung, and kidney) were harvested for H&E staining. Body 
weight change after treatment was monitored in another 
batch of experiments at regular intervals.

Statistical analysis
All the data were analyzed by GraphPad Prism V.7.0 soft-
ware and presented as means±SD. Comparisons between 
two groups were performed using Student’s t-test, and 
multiple groups were compared using analysis of variance 
(ANOVA). Statistical significance was defined as *p<0.05, 
**p<0.01, ***p<0.001.

RESULTS
Construction of REVs-Dox/siIDO1-P9
The steps to construct the REVs-based multifunctional 
co-delivery nanosystems are outlined in online supple-
mental scheme 1. First, REVs derived from RBCs of 
blood group O were purified by sequential ultracentrif-
ugation processes. The purified REVs were character-
ized following the International Society for Extracellular 
Vesicles recommendations.33 REVs were enriched in 
extracellular vesicle (EV) markers (ALIX, TSG101), 
RBC lipid raft-associated membrane proteins (Flotil-
lin-2, STOM), and RBC-specific proteins (HBA). Also, 
REVs expressed GPA, an exclusive marker for EVs orig-
inated from human RBCs, but completely lacked CANX 
(an endoplasmic reticulum marker) and GM130 (Golgi 
apparatus markers). The cytoskeleton protein β-actin was 
largely absent in REVs, suggesting the effective removal 
of cellular fragments during purification (figure  1A). 
Checked by TEM and NTA, REVs were cup-shaped vesi-
cles with an average diameter of ∼156.7 nm (figure 1B,C) 
and a Polydispersity Index ~0.06 (figure 1D). These REVs 
were negatively charged with a Zeta potential of −9.89 mV 
(figure 1E). To procure P9-modified REVs (REVs-P9), P9 
peptide was initially linked with DSPE-PEG2k-NHS (N-Hy-
droxysuccinimide) to obtain P9-PEG2k-DSPE (online 
supplemental figure 1A), which can spontaneously insert 
into REVs membrane.34 By confocal microscope, 75.7% 
of REVs (labeled with DiL) co-localized with P9-PEG2k-
DSPE (labeled with FITC)(online supplemental figure 
1B), and the P9 loading efficiency was 56.1% (online 
supplemental figure 1C).

For REVs-Dox-P9 preparation, Dox was sonicated into 
REVs-P9, followed by ultracentrifugation to collect the 
pellet. Dox loading efficiency was measured to be 32.01% 
based on the standard curve (online supplemental figure 
1D). To verify Dox encapsulation in REVs, we dialyzed 
the ultracentrifugation pellet to remove unentrapped 
Dox (1 hour, cut-off: 12 kDa).35 36 Re-quantification of 
Dox loading efficiency postdialysis revealed no significant 
change compared with predialysis levels (online supple-
mental figure 1D), confirming successful encapsulation 
of Dox within REVs rather than non-specific aggrega-
tion. Notably, no significant differences were observed 
in vesicle morphology (shape and intact membranes) or 
particle size distribution presonication and postsonica-
tion (average diameter: ∼167 nm, online supplemental 
figure 1E). Next, we anchored siIDO1 with a 5'-tetra 
(ethylene glycol) spacer and cholesterol modification 
(chol-siIDO1) to REVs-Dox-P9 by co-incubation. As 

https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148
https://dx.doi.org/10.1136/jitc-2024-011148


6 Liu Y, et al. J Immunother Cancer 2025;13:e011148. doi:10.1136/jitc-2024-011148

Open access�

shown in online supplemental figure 1F, the green fluo-
rescence spots of DiO-REVs and red fluorescence spots of 
Cy5-siIDO1 were effectually overlapping, with an average 
diameter of ∼162.2 nm, suggesting the successful loading 
of siRNA in REVs. To prove the successful loading of 
siIDO1, we performed a gel retardation assay comparing 
preultracentrifugation complexes with postultracen-
trifugation complexes. Our results demonstrated that 
unloaded siRNA was detected at the bottom of the agarose 
gel in the preultracentrifugation complexes, whereas 
the postultracentrifugation complexes exhibited siRNA 
retention in the wells (online supplemental figure 1G), 
suggesting effective siRNA loading onto REVs. According 

to the standard curve of Cy5-siIDO1, siRNA loading effi-
ciency was approximately 19.84% (online supplemental 
figure 1H), and approximately 2054 molecules of Cy5-
siIDO1 were loaded into per REVs (online supplemental 
figure 1I). These data demonstrated that the engineered 
REVs (REVs-Dox/siIDO1-P9) with required functional 
molecules and therapeutic agents were successfully 
constructed.

Next, we explored whether REVs-Dox/siIDO1-P9 could 
maintain the typical REVs properties after modification. 
Similar to the empty REVs, REVs-Dox/siIDO1-P9 was 
also negatively charged (−9.69 mV) and displayed similar 
and intact morphology (figure  1B and E), whereas the 

Figure 1  Construction and characterization of REVs-Dox/siIDO1-P9. (A) Characterization of RBCs and REVs’ protein content 
by Western blotting. (B) Representative TEM images of REVs and REVs-Dox/siIDO1-P9. (C) Size distribution of REVs and REVs-
Dox/siIDO1-P9. (D) Polydispersity Index of REVs and REVs-Dox/siIDO1-P9. (E) The Zeta potential of REVs and REVs-Dox/
siIDO1-P9. (F) Stability of REVs-Dox/siIDO1-P9. Particle size by Zetaview of REVs-Dox/siIDO1-P9 incubated in PBS or serum 
for indicated days. Data were presented as mean±SD (n=3 independent experiments). Student’s t-test in E. CANX, calnexin; 
STOM, stomatin; Dox, doxorubicin; GPA, glycophorin A; HBA, hemoglobin A; IDO1, indoleamine 2,3-dioxygenase-1; ns, not 
significant; REVs, red blood cell-derived extracellular vesicles; TEM, transmission electron microscope.
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diameter of REVs-Dox/siIDO1-P9 was increased to 
~171 nm (figure  1C). These results indicated that the 
process to obtain REVs-Dox/siIDO1-P9 didn’t appreciably 
change the physicochemical property of REVs. Given 
that serum stability is a key factor for the drug delivery 
platform, REVs-Dox/siIDO1-P9 was then suspended in 
PBS and serum over 7 days. REVs-Dox/siIDO1-P9 had 
no obvious size change (figure 1F), unveiling their high 
application stability.

REVs-Dox/siIDO1-P9 is taken up efficiently by leukemia cells 
in vitro
Efficient internalization by recipient cells is the prereq-
uisite for the biosystem to exert their effects. We initially 
assessed CLL-1 surface expression across AML cell lines 
(THP-1, HL-60, and C1498) and AML primary blasts. 
Flow cytometric analysis revealed consistently detectable 
CLL-1 expression levels in AML cells (online supple-
mental figure 2A). Notably, primary AML specimens 
exhibited CLL-1 expression with varying signal intensities 
(online supplemental figure 2B). This expression pattern 
was observed across multiple French-American-British 
(FAB) subtypes (online supplemental table 1), demon-
strating its prevalence in diverse AML classifications. 
However, bone marrow stromal cells (HS5) showed virtu-
ally no expression of CLL-1 (online supplemental figure 
2A). Most importantly, HSCs (CD34+CD38−) lacked the 
CLL-1 expression (online supplemental figure 2C). 
Leukemia cells were incubated with engineered REVs 
for 4 hours, and phagocytosis efficiency of the delivery 
biosystem was monitored by flow cytometry. REVs-Dox/
siIDO1-P9, rather than scrambled P9 (Pscr)-ligated-REVs 
(REVs-Dox/siIDO1-Pscr), was highly internalized by 
THP-1, C1498 cells, and AML primary blasts (figure 2A). 
However, both HSCs and HS5 cells exhibited minimal 
uptake of REVs-Dox/siIDO1-P9 and REVs-Dox/siIDO1-
Pscr (online supplemental figure 3A). Similarly, CLSM 
images showed the P9 peptide markedly improved the 
uptake of DiO-labeled REVs by CLL-1-positive AML cells, 
such as THP-1, C1498 cells, and AML primary blasts, 
but not the CLL-1-negative K562 cells (figure 2B, online 
supplemental figures 2A and 3B,C),37 indicating our 
biosystem can effectively and specifically target CLL-1-
positive AML cells. To further confirm whether the REVs 
uptake by CLL-1-positive AML cells needs the specific 
interaction of P9 and CLL-1, THP-1, C1498 cells, and 
AML primary blasts were pretreated with free P9 peptide. 
As expected, pretreatment of leukemia cells with free P9 
peptide obviously impaired the P9-mediated REVs uptake 
(figure  2B, online supplemental figure 3B,C). Taken 
together, these data demonstrated that the P9-modified 
REVs could be efficiently taken up by CLL-1-positive 
leukemia cells in vitro.

Next, cytotoxicity and killing effect of REVs-Dox/
siIDO1-P9 were evaluated. HS5 cells are an immortalized 
human bone marrow stromal cell line, which is widely used 
as an “in vitro” model to study drug responses. To assess 
cytotoxicity, HS5 cells and leukemia cells (THP-1, HL-60, 

and C1498) were treated with REVs and REVs-Dox/
siIDO1-P9 in a dose-dependent manner. We found that 
HS5 and all experimental leukemia cells were not obvi-
ously affected by REVs under low or high concentrations 
treatment (online supplemental figure 3D). However, 
compared with leukemia cells, REVs-Dox/siIDO1-P9 
provided less toxicity to HS5 cells (online supplemental 
figure 3E), suggesting that the delivery carrier was non-
cytotoxic to cells and REVs-Dox/siIDO1-P9 mitigated 
toxicity to the marrow stromal cells. To further evaluate 
REVs-Dox/siIDO1-P9’s toxicity, HS5 cells and HSCs 
(CD34+CD38−) were treated with equivalent doses of free 
Dox and REV-Dox/siIDO1-P9. As shown in online supple-
mental figure 3F–I, compared with free Dox, REV-Dox/
siIDO1-P9 showed significantly reduced toxicity towards 
HS5 cells and HSCs. Then, we evaluated the killing effi-
ciency of REVs-Dox/siIDO1-P9 to leukemia cells. About 
17% of THP-1 and 35% of C1498 cells kept in survival 
under REVs-Dox/siIDO1-P9 treatment (5 µg/mL) for 
24 hours, which is comparable with free Dox (at the same 
concentration) in the killing effect (figure 2C). Of note, 
compared with REVs-Dox/siIDO1-P9, the leukemia cell-
killing effect of REVs-Dox/siIDO1-Pscr was lower, possibly 
due to the poor targeting selectivity of REVs-Dox/siIDO1-
Pscr (figure 2C). In addition, the total apoptotic rate in 
leukemia cells treated with REVs-Dox/siIDO1-P9 was also 
significantly higher than that of REVs-Dox/siIDO1-Pscr 
(figure  2D, online supplemental figure 3J). Finally, the 
gene transfection ability of the biosystem was assessed. 
Both REVs-Dox/siIDO1-Pscr and REVs-Dox/siIDO1-P9 
could suppress the expression level of IDO1 in THP-1 
cells, C1498 cells, and AML primary blasts, whereas 
REVs-Dox/siIDO1-P9 treatment showed higher efficacy 
(figure 2E–G). Taken together, the REVs-based biosystem 
was efficiently delivered to leukemia cells and performed 
its functions well in vitro.

REVs-Dox/siIDO1-P9 is effectively delivered to leukemia cells 
in vivo
Based on in vitro uptake results, the tumor-targeting 
ability of REVs-Dox/siIDO1-P9 was examined in vivo. To 
generate AML-xenografted and allografted mice, Luc-
GFP-THP-1 and Luc-GFP-C1498 cells were injected intra-
venously into NCG and C57BL/6 mice, respectively. When 
leukemic bioluminescent signals became apparent and 
accumulated highly, DiD-labeled REVs-Dox/siIDO1-Pscr 
and REVs-Dox/siIDO1-P9 were injected into leukemia-
bearing mice. The accumulation of DiD+ REVs in GFP+ 
leukemia cells was examined (figure 3A). As expected, P9 
conjugation increased the percentage of DiD+ THP-1 cells 
from 29.0% to 68.3% in bone marrow, and from 29.3% to 
64.2% in peripheral blood (figure 3B). In addition, REVs 
uptake in the spleen and liver was also increased with the 
presence of P9 (figure 3B). Similar results of REVs uptake 
were also detected in AML-allografted mice (online 
supplemental figure 4A,B). Next, we investigated whether 
REVs-Dox/siIDO1-P9 could effectively deliver siIDO1 
into leukemia cells and exert its knockdown function in 
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Figure 2  REVs-Dox/siIDO1-P9 is taken up efficiently by leukemia cells in vitro. (A) Percentage of DiD-positive THP-1/patient 
AML blasts/C1498 cells. (B) CLSM images showing the cellular uptake of REVs in THP-1/K562 cells. (C) Viability of THP-1 and 
C1498 cells in the indicated groups. (D) Apoptosis analysis of THP-1 cells and patient AML blasts treated with PBS/Dox/REVs-
Dox/siIDO1-Pscr/REVs-Dox/siIDO1-P9. Right, statistical analysis. (E–G) Relative IDO1 mRNA levels in THP-1 cells (E), patient 
AML blasts, (F) and C1498 cells (G). Data were presented as mean±SD (n=3 independent experiments). One-way ANOVA test in 
A, D, E, F, and G; two-way ANOVA test in C. *p<0.05; **p<0.01; ***p<0.001; AML, acute myeloid leukemia; ANOVA, analysis of 
variance; CLSM, confocal laser scanning microscopy; Dox, doxorubicin; IDO1, indoleamine 2,3-dioxygenase-1; Pscr, scramble 
peptide; REVs, red blood cell-derived extracellular vesicles.
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Figure 3  REVs-Dox/siIDO1-P9 is effectively delivered to leukemia cells in vivo. (A) Workflow for determination of REVs-Dox/
siIDO1-P9 uptake in AML-xenografted mice. (B) Left, flow cytometric analysis manifesting the uptake of DiD-labeled REVs by 
GFP+ THP-1 cells, gated based on DiD expression, in bone marrow, peripheral blood, liver, and spleen. Right, statistical analysis 
(n=5 mice per group). (C) Relative IDO1 mRNA levels of THP-1 cells in bone marrow, liver, and spleen. Data were presented as 
mean±SD (n=3 independent experiments). One-way ANOVA test in B and C. **p<0.01; ***p<0.001. SSC-A, side scatter area; 
ANOVA, analysis of variance; Dox, doxorubicin; GFP, green fluorescent protein; IDO1, indoleamine 2,3-dioxygenase-1; Luc, 
luciferase; Pscr, scramble peptide; REVs, red blood cell-derived extracellular vesicles.
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vivo by qRT-PCR. As expected, IDO1 expression levels 
were notably decreased in leukemia cells isolated from 
bone marrow, liver, and spleen in both AML-xenografted 
and allografted mice after 24 hours treatment (figure 3C; 
online supplemental figure 4C). Therefore, REVs-Dox/
siIDO1-P9 can be efficiently delivered into leukemia cells 
and function well in vivo.

ICD induction effect of REVs-Dox/siIDO1-P9
Previous reports suggested that ICD triggers tumor cells 
to release immunogenic DAMPs such as CRT, ATP, and 
HMGB1.38 39 ICD cascade can induce DC maturation 
and recruit activated CTLs in the tumor microenviron-
ment.40 Whether REVs-Dox/siIDO1-P9 could induce ICD 
was investigated. Under REVs-Dox/siIDO1-P9 treatment, 
THP-1 cells showed elevated CRT exposure on the cell 
surface (figure  4A) and enhanced ATP and HMGB1 
release (figure  4B,C). Compared with free Dox treat-
ment, REVs-Dox/siIDO1-P9 treated THP-1 cells exhibited 
a stronger CRT exposure and a higher ATP and HMGB1 
release, due to the fact that REVs-Dox/siIDO1-P9 could 
effectively deliver the cargo into leukemia cells in vitro. 

Consistently, CRT exposure, ATP release, and HMGB1 
secretion of patient AML blasts were significantly increased 
in the REVs-Dox/siIDO1-P9 group (figure 4D,E; online 
supplemental figure 5A). REVs-Dox/siIDO1-P9 treat-
ment was also found to facilitate C1498 cells to release 
more ATP and HMGB1 in vivo (online supplemental 
figure 5B,C). Furthermore, AML primary blasts treated 
with REVs-Dox/siIDO1-P9 increased the percentage of 
mature DCs (59.2%) in vitro in contrast with free Dox 
induction (50.6%, figure 4F,G). Collectively, REVs-Dox/
siIDO1-P9 could induce ICD in leukemia cells.

In vivo antitumor efficacy of REVs-Dox/siIDO1-P9
Based on the above results, we tried to evaluate the poten-
tial therapeutic efficacy of REVs-Dox/siIDO1-P9 in vivo. 
C57BL/6 mice with comparable leukemia burden were 
randomly allocated into five groups and treated with 
PBS, REVs, REVs-Dox/siNC-P9, REVs-siIDO1-P9, and 
REVs-Dox/siIDO1-P9 via tail vein injection (figure  5A, 
online supplemental figure 6A). Leukemia burden was 
monitored using bioluminescent imaging. As shown 
in figure  5B, leukemic bioluminescent signals of mice 

Figure 4  ICD induction effect of REVs-Dox/siIDO1-P9. (A and D) CLSM images of the surface exposure of CRT on THP-1 cells 
(A) and primary leukemia cells (D) in the indicated groups. (B–C) Extracellular ATP levels (B) and HMGB1 release levels (C) of 
THP-1 cells. (E) Extracellular ATP levels in primary leukemia cells. (F) DCs maturation (CD80+CD86+) was evaluated by flow 
cytometry (gated on CD11c+ cells). (G) Quantitative analysis of the data shown in panel (F). Data were presented as mean±SD 
(n=3 independent experiments). One-way ANOVA test in B, C, E, and G. *p<0.05; **p<0.01; ***p<0.001. AML, acute myeloid 
leukemia; ANOVA, analysis of variance; CD11c, cluster of differentiation 11 c; CD80, cluster of differentiation 80; CD86, cluster 
of differentiation 86; CLSM, confocal laser scanning microscopy; CRT, calreticulin; DCs, dendritic cells; Dox, doxorubicin; 
HMGB1, high mobility group box 1; ICD, immunogenic cell death; IDO1, indoleamine 2,3-dioxygenase-1; REVs, red blood cell-
derived extracellular vesicle.
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treated with PBS and empty REVs were widely distrib-
uted, prominently in the bone marrow, liver, and 
spleen. Compared with the mice treated by PBS and 
empty REVs, the mice injected with REVs-Dox/siNC-P9 
or REVs-siIDO1-P9 had obviously reduced leukemic 
burden (figure  5B). Importantly, the mice treated with 
REVs-Dox/siIDO1-P9 exhibited a synergistic therapy 
effect, appearing to have the lowest leukemic biolumi-
nescent signal (figure 5B). REVs-Dox/siIDO1-P9 treated 
mice had the least percentage of GFP+ C1498 cells in 
the bone marrow, liver, and spleen in comparison with 
mice treated with REVs-Dox/siNC-P9 or REVs-siIDO1-P9 
(figure 5C). In accordance with these results, REVs-Dox/
siIDO1-P9 treatment conspicuously reduced the signs 
of leukemic cells in bone marrow, which were accom-
panied by a decrease in dense clusters of morphologi-
cally immature granulocytes, checked by morphological 
analysis of bone marrow cells (online supplemental 
figure 6B). Splenomegaly, a hallmark of extramedullary 
hematopoiesis in AML,41 was markedly alleviated after 
REVs-Dox/siIDO1-P9 treatment, evidenced by reduced 

spleen size and weight (figure 5D). In contrast, the mice 
injected with PBS or single agent had enlarged spleens 
with a certain degree of damage to the red and white 
pulp (figure  5D and online supplemental figure 6C). 
REVs-Dox/siIDO1-P9 treated mice showed the most 
significant improvement in extramedullary infiltration, 
validated by a decrease in the area of liver infiltration and 
the number of lung metastatic nodules (online supple-
mental figure 6D,E). In addition, leukemia-bearing mice 
who received REVs-Dox/siIDO1-P9 treatment had no 
or less weight loss, with a significantly extended lifespan 
(figure 5E,F). In conclusion, REVs-Dox/siIDO1-P9 exerts 
excellent AML-suppressive efficacy in vivo.

REVs-Dox/siIDO1-P9 promotes in vivo immune activation
Next, whether REVs-Dox/siIDO1-P9 treatment would 
facilitate immune activation in AML allografted mice 
was determined. DCs play a crucial role in promoting 
immune response in tumor-draining lymph nodes and 
CD8+ CTL infiltration.42 The draining lymph nodes 
of mice (subjected to PBS, REVs, REVs-Dox/siNC-P9, 

Figure 5  In vivo antitumor efficacy of REVs-Dox/siIDO1-P9. (A) Schematic schedule for targeted chemo-immunotherapy 
in C1498 leukemia-bearing mice via intravenous injection. (B) Luminescence images of mice after various treatments. 
(C) Percentage of GFP+ C1498 cells in bone marrow, liver, and spleen from the indicated groups. (D) Representative external 
views and weights of spleens from mice received different treatments. (E) Body weight change of AML mice during treatment. 
(F) Survival curves for indicated groups (n=10 mice per group). Data were presented as mean±SD (n=5 mice per group, unless 
noted). One-way ANOVA test in C and D. *p<0.05; ***p<0.001; ANOVA, analysis of variance; Dox, doxorubicin; GFP, green 
fluorescent protein; IDO1, indoleamine 2,3-dioxygenase-1; Luc, luciferase; ns, not significant; REVs, red blood cell-derived 
extracellular vesicles.
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REVs-siIDO1-P9, and REVs-Dox/siIDO1-P9 treatments) 
were collected for DC maturation analysis. Compared with 
the PBS or REVs group, Dox-loaded REVs (REVs-Dox/
siNC-P9) could increase the number of mature DCs to 
20.5% (figure  6A), and REVs-Dox/siIDO1-P9 effec-
tively increased DC maturation to approximately 23.2% 
(figure  6A), indicating that the dual delivery biosystem 
can synergistically promote DC maturation in vivo. 
Consistently, treatment with REVs-Dox/siIDO1-P9 
resulted in the highest ratio of CD8+ T cells (15.2%), 
which shows chemoimmunological cascade therapy 
could effectively facilitate CD8+ T cell infiltration in the 
bone marrow (figure 6B). Concurrently, the administra-
tion of REVs-Dox/siIDO1-P9 significantly increased the 
activation and proliferation of tumor-infiltrating CD8+ 
T cells (figure 6C,D). These findings demonstrated that 
REVs-Dox/siIDO1-P9 treatment could provide more 
comprehensive T cell activation benefits compared with 
single delivery systems. We then explored CD8+ T cell 
exhaustion following REVs-Dox/siIDO1-P9 treatment. 
Since the enhanced programmed cell death-1 (PD-1) and 
T cell immunoglobulin-containing and mucin-domain-
containing-3 (TIM-3) work as key indicators of CD8+ T 
cell exhaustion,43 44 we thus compared PD-1 and TIM-3 
levels of CD8+ T cells from mice subjected to PBS, REVs, 
REVs-Dox/siNC-P9, REVs-siIDO1-P9, and REVs-Dox/
siIDO1-P9 treatments. The siIDO1-loaded REVs (REVs-
siIDO1-P9) remarkably decreased the percentage of 
PD-1+ and TIM-3+ CD8+ T cells, indicating a reduction in 
T cell exhaustion with siIDO1 intervention (figure 6E,F). 
REVs-Dox/siIDO1-P9 treatment further reduced the 
proportion of exhausted CD8+ T cells (figure  6E,F). 
Overall, these data confirmed that REVs-Dox/siIDO1-P9 
has a stronger advantage than REVs-Dox/siNC-P9 and 
REVs-siIDO1-P9 in promoting immune activation in vivo.

Biosafety assessment of REVs-Dox/siIDO1-P9 in vivo
The remarkable antileukemia effect of REVs-Dox/siIDO1-P9 
observed in vivo warrants further investigation into their 
biosafety for potential application in AML therapy. Evalua-
tion initially focused on potential biological toxicity to major 
organs (spleen, liver, heart, lung, and kidney) using H&E 
staining of tissue sections (figure 7A). No signs of organ inflam-
mation or injury were detected across treatment groups. 
Hematological parameters (WBC,white blood cell; RBC, red 
blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean 
corpuscular volume; MCH, mean corpuscular hemoglobin; 
MCHC, mean corpuscular hemoglobin concentration; PLT, 
platelet) and blood biochemical markers (ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; DBIL, 
direct bilirubin; ALP, alkaline phosphatase; BUN, blood 
urea nitrogen; CK, creatine kinase) kept in normal ranges, 
displaying a favorable safety profile (figure 7B,C). Moreover, 
the mice treated with REVs or REVs-Dox/siIDO1-P9 showed 
a consistent and stable increase in body weight as the mice 
treated by vehicle (online supplemental figure 7). Thus, 
our study provides strong data to support that REVs-Dox/

siIDO1-P9 may be promising and safe for application in AML 
therapy.

DISCUSSION
AML remains one of the most lethal hematological malig-
nancies. This underscores the critical need for devel-
oping innovative and tailored treatments for the disease. 
In the present study, we established AML-targeting REVs 
that encapsulated functional siIDO1 and Dox, which acti-
vated DCs, induced CD8+ T cell infiltration, and relieved 
the exhaustion state of CD8+ T cells, thereby enhancing 
therapeutic outcomes in AML.

The failure of phase III clinical trials with small-
molecule IDO1 inhibitors like epacadostat highlights 
significant challenges in translating Trp pathway biology 
into successful cancer treatments.45 Various factors have 
been suggested for these negative results, including the 
absence of patient preselection based on IDO1 expres-
sion, inadequate IDO1 inhibition, and epacadostat’s off-
target effects.45 A novel approach involves combining 
IDO1 inhibition with established therapies, which in 
our study activated the tumor microenvironment by 
increasing immune cell infiltration. This shift towards 
a more immunostimulatory tumor microenvironment 
enhanced antitumor immunity, resulting in enhanced 
tumor suppression and prolonged survival in mouse 
models. Proof-of-concept experiments demonstrated that 
epacadostat in combination with chemotherapy could 
effectively alleviate recurrent relapses in patients with 
AML receiving chemotherapy, supporting our findings.7

Most current tumor immunotherapy strategies heavily rely 
on the presence of tumor-infiltrating lymphocytes within 
the tumor microenvironment. Nevertheless, challenges 
such as the complicated tumor microenvironment compo-
sition, immunosuppressive environment, and low immuno-
genicity of certain tumors hinder achieving optimal clinical 
outcomes.46–50 In other words, host immune responses are 
often insufficient in an immunocompromised context, 
potentially accounting for the greater efficacy of combina-
tion therapy over monotherapy in our study. Effective combi-
nations of chemotherapy and immunotherapy can address 
issues related to clonal evolution and therapy-resistant clones, 
promoting durable remission in AML. Additionally, the posi-
tive effects of chemo-immunotherapy have been observed in 
various other tumors.51 52

Tryptophan catabolism plays an important role in 
leukemic cells.53–57 Kyn levels increased in patients with 
AML. However, whether Kyn acts as a biomarker or active 
determinant of disease progression remains unknown, 
which needs to be explored in future work. Targeting Kyn 
combined with chemotherapy may display more imme-
diate effects.

Ensuring clinical translation involves maintaining 
biosafety and reproducibility in drug delivery systems. EVs, 
owing to their biocompatibility and stability, offer advan-
tages over traditional synthetic delivery systems. REVs, 
known for their abundance, scalability, and absence of 
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Figure 6  REVs-Dox/siIDO1-P9 promotes in vivo immune activation. (A) Mature DCs (CD80+CD86+) in draining lymph nodes 
were determined by flow cytometry (gated on CD11c+ cells). (B) Flow cytometry analysis of CD3+CD8+ T cells infiltrating bone 
marrow from mice after administration with different formulations. (C,D) IFN-γ (C) and Ki67 (D) positive CD8+ T cells in bone 
marrow from mice received different treatment. (E,F) Flow cytometry analysis showing PD-1 (E) and TIM-3 (F) expression of 
bone marrow CD8+ T cells. Data were presented as mean±SD (n=5 mice per group). One-way ANOVA test in A–F. **p<0.01; 
***p<0.001. ANOVA, analysis of variance; CD3, cluster of differentiation 3; CD8, cluster of differentiation 8; CD11c, cluster of 
differentiation 11 c; CD80, cluster of differentiation 80; CD86, cluster of differentiation 86; DCs, dendritic cells; Dox, doxorubicin; 
IDO1, indoleamine 2,3-dioxygenase-1; IFN-γ, interferon-gamma; Ki67, antigen KI-67; PD-1, programmed cell death protein-1; 
REVs, red blood cell-derived extracellular vesicles; TIM-3, T cell immunoglobulin and mucin-domain containing-3.
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horizontal gene transfer risk, are suitable for therapeutic 
delivery in disease treatment.21 23 Our study demonstrated 
that using REVs as delivery vehicles results in an effective 
leukemia killing effect and immunomodulation without 
observable adverse effects, highlighting their potential 
for clinical application.

CONCLUSION
In summary, a REVs-based dual delivery biosystem 
(REVs-Dox/siIDO1-P9) has been developed to achieve 
a synergistic immune response in AML mice through 
chemo-immunotherapy. REVs derived from RBCs of 
blood group O, conjugated with targeting peptide P9, 

Figure 7  Biosafety assessment of REVs-Dox/siIDO1-P9 in vivo. (A) H&E analysis of tissues (spleen, liver, heart, lung, and 
kidney) from C57BL/6 mice injected with PBS, REVs, and REVs-Dox/siIDO1-P9. (B,C) The variations of blood routine test 
parameters (B) and serum biochemistry (C) for C57BL/6 mice in the indicated groups. Data were presented as mean±SD (n=5 
mice per group). REVs, red blood cell-derived extracellular vesicles; Dox, doxorubicin; IDO1, indoleamine 2,3-dioxygenase-1; 
WBC,white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean 
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; PLT, platelet; ALT, alanine aminotransferase; 
AST, aspartate aminotransferase; DBIL, direct bilirubin; ALP, alkaline phosphatase; BUN, blood urea nitrogen; CK, creatine 
kinase.
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were loaded with ICD inducer (Dox) and siIDO1. The 
biosystem specifically targeted leukemia cells, minimizing 
side effects. Importantly, the combined formulation 
could induce a potent adaptive antileukemia immunity 
by enhancing ICD induction, promoting DC matura-
tion, relieving immunosuppression, and increasing the 
infiltration of antitumor CD8+ T cells. Given the similar 
IDO1-mediated immunosuppression in solid tumors,58 59 
REVs-Dox/siIDO1 may show promise for treating other 
cancers as well. This study provides proof of concept for 
a synergistic chemo-immunotherapy approach in AML, 
transforming the tumor microenvironment into an 
immunefavorable state.
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