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Abstract
Objective: This study aimed to elucidate the ef-
fects of melanoma-derived exosomes on modu-
lating the differentiation of hematopoietic stem 
cells (HSCs) towards immunosuppressive my-
eloid-derived suppressor cells (MDSCs).
Materials and Methods: Exosomes were isolated 
via ultracentrifugation from conditioned media of 
the B16F10 murine melanoma cell line after ad-
aptation to exosome-free culture conditions. HSCs 
were extracted from the bone marrow of adult 
C57BL/6 mice through density gradient separa-
tion and MACS column isolation of CD133+ and 
CD34+ populations. HSCs were cultured with 
or without B16F10 exosomes for 24 hours. Flow 
cytometry analyzed the expression of canonical 
MDSC surface markers CD11b, Ly6G, and Ly6C. 
Levels of the immunosuppressive cytokines inter-
leukin-10 (IL-10) and tumor necrosis factor beta 
(TGF-β) in HSC culture supernatants were quan-
tified by ELISA.     
Results: Compared to untreated controls, HSCs 
treated with B16F10 exosomes displayed signifi-
cantly increased percentages of CD11b+Ly6G+ 
granulocytic MDSCs and CD11b+Ly6C+ mono-
cytic MDSCs, with a notable predominance of 
the Ly6G+ granulocytic subtype. Additionally, 

exosome-treated HSCs secreted markedly higher 
levels of the cytokines IL-10 and TGF-β, which are 
involved in MDSC-mediated immunosuppression.  
Conclusions: Our findings demonstrate that 
melanoma-derived exosomes can orchestrate 
the differentiation of HSCs into MDSCs with 
an immunosuppressive phenotype, as evidenced 
by the upregulation of MDSC surface markers 
and secreted cytokines. This supports a role for 
tumor-derived exosomes in driving the systemic 
expansion and accumulation of immunosuppres-
sive MDSCs through the reprogramming of HSC 
fate. Elucidating the exosome contents and HSC 
signaling pathways involved could reveal thera-
peutic strategies to block this pathway and en-
hance anti-tumor immunity.

IntroductIon

With a high occurrence rate, melanoma is a dead-
ly skin cancer with a low patient survival rate 
and quickly spreads to other organs1. Despite re-
cent immunotherapeutic strategies, including pro-
grammed death-ligand 1 (PD-L1) and cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) in-
hibitors, Bacille Calmette-Guerin (BCG) vaccine, 
immune checkpoint inhibitors, and interleukin-2 
(IL-2) therapy, melanoma is still a growing prob-
lem due to tumor immune evasion2. One of the 
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ators for intercellular communication9. Exosomes 
play a pivotal role in signal transduction, intercel-
lular transportation, immunosuppression of tumor 
microenvironment, and cell differentiation10,11. 

The exact molecular mechanism through which 
IMCs transform into immunosuppressive MDSCs 
is still not fully understood. Some studies12 imply 
the roles of tumor exosomes in the generation of 
MDSCs. This study aimed to evaluate the interac-
tion between hematopoietic stem cells (HSCs) and 
melanoma cell line-derived exosomes in the gener-
ation of MDSCs as well as their subtypes.

MaterIals and Methods

Mice 

Five healthy C57BL/6 mice (6-8 weeks) were ob-
tained from the Pasteur Institute of Iran. The Insti-
tutional Ethical Committee and Research Advisory 
Committee of Fasa University of Medical Sciences 
ethical guidelines for treating and handling animals 
were followed when maintaining, handling, and 
raising the animals (IR.FUMS.REC.1399.113). The 
mice were kept in cages that were free of pathogens 
and kept at room temperature (25°C) with access to 
food and water.

isolation and Purification of Mouse 
Bone Marrow steM cells

C57BL/6 mouse bone marrow (BM) stem cells 
were collected from the femurs and tibias of patho-
gen-free laboratory adult mice. Mononuclear cells 
were obtained from BM aspirates by density gradi-
ent separation, and then CD133+ and CD34+ HSCs 
were isolated using a MACS system isolation kit 
(Miltenyi Biotec, Germany) according to the man-
ufacturer’s instructions. 

cell lines

The National Cell Bank of Iran (Pasteur Institute, 
Tehran, Iran) provided the B16F10 cell line. Murine 
melanoma cell line B16F10 is an adherent, highly 
invasive cell. This cell line was cultivated at 37°C 
in a humid atmosphere with 5% CO2 in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented 

biggest obstacles to receiving effective treatment 
is the tumor’s immunosuppressive microenviron-
ment, in which myeloid-derived suppressor cells 
(MDSC) play a crucial role in the maintenance and 
growth of the tumor. MDSC accumulation in the 
microenvironment of mouse and human melano-
ma tumors promotes tumor growth by impairing 
the function of T cells, NK cells, dendritic cells, 
and macrophages3. Granulocytic MDSCs (G-MD-
SCs) and monocytic MDSCs (Mo-MDSCs) are 
the two primary subtypes of MDSCs. In contrast 
to mice, human G-MDSCs and Mo-MDSCs are 
identified as Ly-6G+Ly-6ClowCD11b+ (F4-80+C-
D115+CD49d+) and Ly-6G/lowLy-6ChiCD11b+ 
(F4/80+CD115+CD49d+), respectively. Human 
G-MDSCs and Mo-MDSCs are distinguished by 
the expression of CD15+/CD66b+ and CD14+H-
LA-DR4. MDSCs employ a set of mediators and 
mechanisms to suppress and regulate immune re-
sponse, including catalyzing the immune cells’ es-
sential amino acid, tryptophan, by the expression of 
indoleamine 2,3-dioxygenase (IDO), the inhibition 
of the expression of chemokines and proinflamma-
tory cytokines via prostaglandin E2 (PGE2) upreg-
ulation, the downregulation of ζ-chain of the T cell 
receptor (TCR) complex via increased expression 
of Arginase-1 (ARG1), and the secretion of such 
anti-inflammatory cytokines as interleukin (IL)-10 
and Transforming growth factor beta (TGF-β) that 
subsequently leads to the induction of regulatory 
T cell development5,6. The origin of MDSCs is the 
subject of some theories. Immature myeloid cells 
(IMC) are prevented from developing during emer-
gency myelopoiesis under inflammation, which ul-
timately results in the development of functionally 
active MDSCs. IMCs may also expand extramed-
ullary and differentiate into MDSCs in lymphoid 
organs. It has also been proved that cytokines, 
growth factors, and secreted tumor mediators play 
a crucial role in the formation of MDSCs. One 
of these mediators is exosomes, which can help 
the development of MDSCs by affecting various 
cells7,8. Exosomes, ranging in diameter from 35 to 
140 nm and are actively discharged by practical-
ly all cell types, including leukocytes, stem cells, 
erythrocytes, and cancer cells, are tiny vesicles 
wrapped in a phospholipid bilayer. Exosomes are 
secreted as a result of late endosomes fusing with 
the plasma membrane. Exosomes carry different 
cargoes and mostly contain microRNAs, mRNA, 
lipids, and proteins and thus can be used as medi-
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medium plus 10% FBS, 100 units/mL penicillin, 
and 100 units/mL streptomycin. At seeding densi-
ties of 4×105 cells/ml and 80% confluency, B16F10 
cells were passaged by trypsinization. 

cell adaPtation and exosoMe isolation

The B16F10 cells were sequentially converted to 
an FBS-free culture in order to address the inter-
ference of fetal bovine serum (FBS) with B16F10 
exosomes. During the adaption process, the culture 
medium’s FBS concentration was gradually de-
creased from 10% to 0% over a period of 8 days. 
Cells having a density of 2.5×105 cells/ml and vi-
tality of more than 90% were used to start the 
treatment. The modified B16F10 cells were grown 
and maintained in T75 flasks at 37°C for 72 hours. 
Afterwards, exosome isolation-conditioned me-
dia (CM) was collected. Exosomes were isolated 
from CM in accordance with the manufacturer’s 
instructions using the Exocib kit (Cibzist, Tehran, 
Iran), and thereafter preserved at -70°C. Cell de-
bris was successfully removed by centrifuging at 
300 g for 10 minutes at 4°C. As directed by the 
manufacturer, the samples were then run through a 
0.22-m filter. Later, CM was incubated with Exocib 
kit buffer for an entire night at 8°C. After 1 hour 
of centrifugation at 5,000 g at 4°C, the exosome 
pellets were visible. Both the size of the exosomes 
and the amount of protein were determined using 
the exosomes suspended in PBS.

isolated exosoMe characterization

A protein quantification kit (BCA) made by 
DNAbioTech (Tehran, Iran), was used to deter-
mine the exosome content. A total of 6×107 cells 
in 250 ml produced an average exosome yield of 
2,000 μg. The morphology of the exosomes has 
been examined employing transmission electron 
microscopy. Exosomes were washed with PBS 
after being temporarily fixed for an hour in 2% 
paraformaldehyde. The fixed pelts were then put 
onto the UV-treated TEM grids. The exosomes 
were fixed with 2.5% glutaraldehyde for 15 min-
utes in preparation for scanning electron micros-
copy (SEM). The exosomes were then washed 
with PBS and dehydrated. The samples were 
subsequently put through a SEM examination. 

The dynamic light scattering (DLS) method was 
used to examine the size distribution of isolated 
exosomes. In a nutshell, 10 L of exosomes and 1 
mL of PBS were combined, and the solution was 
periodically agitated at 4°C for 15 minutes. The 
data was analyzed using Zetasizer software, ver-
sion 7.11 (Malvern Corp, Malvern, UK).

cell ViaBility assay

Using the MTT (3-[4,5-dimethylthiazole-2-yl]-2,5- 
diphenyltetrazolium bromide) test (Sigma-Aldrich, 
Irvine, UK), cytotoxicity viability was assessed. 
Hematopoietic stem cells were first seeded into 96-
well plates (Nunc, Denmark) for 24 hours at 37°C 
at a density of 3×103 cells per well in 100 μL of the 
medium. TEX (Tumor exosomes extracted from 
the B16F10 cell line) was then applied to the cells 
for 24 hours at five different concentrations (10, 15, 
20, 25, and 100 μg/ml). An ELISA reader (BioTek® 
ELx800, USA) was used to read the triplicate data 
and calculate the wall’s optical density (OD) at 540 
nm. 

co-culture exPeriMents 

The effects of B16F10 melanoma cell-derived exo-
somes were evaluated through co-incubation with 
hematopoietic stem cells. This study consisted of 
two groups: a control group with no exosomes, and 
a group with exosome-treated hematopoietic stem 
cells. For this purpose, 1×106 hematopoietic stem 
cells were seeded in each cell, and the test group 
was incubated with exosomes at 37°C for 24 h in 
an FBS-free medium. Eventually, supernatant from 
different groups was collected.

cytokine Profile By enzyMe-linked 
iMMunosorBent assay

Cytokines released from exosomes-treated stem 
cells were measured in two different groups. Ac-
cording to the manufacturer’s instructions, an ELI-
SA assay kit (Karmaniapars gene, Iran) was em-
ployed to determine the levels of IL-10 and TGF-β, 
and the results were reported as an absorbance at 
450 nm. Every experiment was carried out in trip-
licate. The Wilcoxon test was used by SPSS soft-
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ware, version 16.2, (SPSS Inc., Chicago, IL, USA), 
for analyzing the results.

flow cytoMetry

Hematopoietic stem cells were stained with mono-
clonal antibodies (mAbs) for 30 min at 4°C. The 
cells were stained with CD34 mAb [phycoerythrin 
(PE)- eBioscience, Biotechnology, San Diego, CA 
USA] and CD133 mAb allophycocyanin (APC)- 
BioLegend, San Diego, USA) antibodies in a flow 
cytometry staining buffer. The following monoclo-
nal immunofluorescence antibodies were used to 
stain the treated cells: Anti-CD11b that has been 
conjugated with fluorescein isothiocyanate (FITC), 
PE, or APC is available from BioLegend in San 
Diego, California, as well as anti-Ly-6G and anti-
Ly-6C. The tubes containing 2×105 cells received 1 
μl of each antibody and were then left in the dark 
for 30 minutes. The supernatant was taken out of 
the tubes and thrown away after the tubes had been 
washed with PBS and centrifuged for 5 minutes 
at 1000g. The cells were examined using the BD 
FACSAria cell sorter (Becton-Dickinson (BD) Bio-
sciences, San Jose, CA), and the outcomes were ex-
amined using FlowJo 2.7.4. software (FlowJo LLC, 
Ashland, OR, USA). 

statistical analysis

GraphPad Prism, Fl. 26. (Boston, MA 02110, USA), 
was used to carry out the statistical analysis. The in-
formation is presented as mean standard deviation 
(SD). The data for the two groups were analyzed us-
ing unpaired, two-tailed Student’s t-tests. The cut-
off for statistical relevance was chosen at p < 0.05.

results

characterization of B16f10 cell 
line-deriVed exosoMes

Sequential adaptation, as seen in Figure 1A, was 
used to acclimate B16F10 cells to an FBS-free me-
dia. The average exosome yield from 250 ml (6×107 
cells) of B16F10 cell culture supernatant using the 
BCA technique was 2,000 μg. SEM and TEM anal-
yses revealed that the average size of exosomes pro-

duced from B16F10 cells was between 35 and 145 nm 
(Figures 1B and 1C). In a similar vein, DLS results 
(shown in Figure 1D) demonstrated that the mean di-
mension of tumor-derived exosomes was 89 nm. 

evaluatIon of the cytotoxIc effect 
of tex on steM cells

Exosomes generated from the B16F10 cell line were 
tested for cytotoxicity on stem cells at five differ-
ent doses using the MTT assay after 24 hours (10, 
15, 20, 25, 50, and 100 μg/ml). The cell survival of 
stem cells treated with TEX at the 24-hour mark 
revealed that the dose of 50 ± 0.17 μg was the least 
harmful compared to the control group (p < 0.05) 
(Figure 2).

flow cytoMetrIc results

First, hematopoietic stem cells marker, CD34 mAb, 
and CD133 mAb were positive in more than 70% 
of isolated cells, (shown in Figure 3A). In the exo-
some-treated hematopoietic stem cell group compared 
to the untreated stem cell group, flow cytometry anal-
ysis suggests greater percentages of CD11b+Ly6G + 
and CD11b+Ly6C+ [Mean% ± SD: 25.2 % and 17.1% 
vs. 13.2% and 10.1% respectively, (Figure 3B)]. The 
data from the analysis of exosome-treated hematopoi-
etic stem cells has shown that the percentage of CD-
11b+Ly6G + is higher than CD11b+Ly6C+. 

elevated cytokIne ProductIon 
In treated steM cells

 IL-10 and TGF-β secretion from mice stem cells 
were assessed. The results revealed a significant 
increase in IL-10 and TGF-β, a signature cytokine 
of the myeloid-derived suppressor cells, in the su-
pernatant of exosome-treated hematopoietic stem 
cell groups compared to the exosomes and untreated 
stem cell groups. The average concentrations of IL-
10 and TGF-β were as follows in the groups of un-
treated and exosome-treated stem cells: (38.5 ± 1 pg/
ml vs. 22.5 ± 1.1 pg/ml, p < 0.05) and (53.7 ± 1.1 pg/
ml vs. 32.4 ± 1.2 pg/ml p < 0.05) respectively, (Fig-
ure 4). These results indicated that tumor exosomes 
change the phenotype of stem cells to suppressor 
cells and lead to the suppression of immune systems.
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Figure 1. Characterization of B16F10 cell line-derived exosomes. A, B16F10 cell morphology under a light microscope in the 
absence of FBS. B, Scanning electron microscopy picture of TEXs obtained from B16F10. C, Transmission electron microsco-
py picture of TEXs obtained from B16F10. D, TEX, tumor exosome, size distribution of B16F10-derived TEXs by frequency 
utilizing dynamic light scattering.

Figure 2. The cytotoxicity of TEX administration on B16F10 
cells was studied in a dose-dependent manner. TEX had a 
substantial viability effect at a dose of 50 ± 0.17 μg. The data 
are presented as mean standard deviation. *p < 0.05 vs. un-
treated or control group. 
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Figure 3. A, The Flow Cytometry graph shows that more than 70% of isolated cells have CD133 + /CD34 + markers. B, The 
analysis reveals that the exosome-treated stem cell group had a larger percentage of CD11b+Ly6G + and CD11b+Ly6+ cells 
than the untreated stem cell group (Mean% ± SD: 25.2% and 17.1% vs. 13.2% and 10.1%, respectively.
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dIscussIon

One of the major problems of cancer treatment 
is how to overcome tumor immune evasion. De-
spite recent advances in cancer immunotherapy of 
solid cancers (e.g., bladder cancer, non-small cell 
melanoma, and lung cancer), most patients suffer 
cancer relapse and recurrence13,14. The response to 
contemporary immunotherapies is restricted by a 
number of immune-suppressive variables. Regard-
ing immune suppression, MDSCs have been shown 
to be essential for maintaining and advancing tu-
mors by encouraging angiogenesis and metastasis. 
The ability of MDSCs to decrease T-cell activity, 
especially CD8+ T-cell responses, is one of their 
key functions. The function of NK cells, dendritic 
cells, and macrophages is also similarly impacted 
by MDSCs15,16. Additionally, it has been noted that 
immunosuppressive myeloid cells may suppress 
the immune system by producing cytokines, NO, 
arginase, and reactive oxygen species (ROS)17. The 

production of MDSCs is an ongoing process that 
is fed by tumor cells. MDSCs are produced as a 
typical physiological and pathological response to 
acute and inflammatory situations, such as ma-
lignancy7. Finding the new aspects of the origin 
of MDSCs can lead to a promising treatment for 
cancer. Tumor-induced activation and expansion of 
MDSCs can be mediated by soluble factors known 
as exosomes18. Exosomes are constantly released 
by cells in both healthy and pathological conditions 
via an exocytosis pathway. They are endosome-de-
rived organelles with a dimension range of 35 to 
140 nm19. While TEXs were described to be immu-
nostimulatory, recent reports have shown that they 
have a role in MDSC expansion20.

The current study aimed to determine the im-
pact of exosomes produced from B16F10 on hema-
topoietic stem cells’ immunosuppressive response. 
In this investigation, we assessed the cytokine pro-
duction profile and the percentages of CD11b +, 
Ly6G +, and Ly6+ markers in the exosome-treat-
ed hematopoietic stem cells group. Our findings 
showed that the exosome-treated hematopoietic 
stem cells group had a considerably larger percent-
age of CD11b +, Ly6G +, and Ly6+ than the un-
treated stem cells group. Additionally, more Ly6G 
+ cells than Ly6+ cells were seen. Our findings 
showed that the supernatant of the exosome-treated 
hematopoietic stem cells group contained higher 
levels of IL-10 and TGFβ than did the controls. 

Consistent with our findings, the previous stud-
ies8,21 showed an increase of MDSC markers on the 
surface of stem cells treated by exosomes. They in-
dicated that tumor exosomes boost the suppressive 
molecules and the activity of MDSCs in tumor mod-
els21. MDSC has been revealed by Sinha et al22 to have 
PGE2 receptors, and E-prostanoid receptor agonists, 
such as PGE2, can cause bone marrow stem cells to 
differentiate into CD11b+Gr1+MDSC. Xiang et al23 
cultured bone marrow precursor cells of wild-type 
MyD88 or TLR2 knockout (KO) mice in the compa-
ny of GM-CSF (20 ng/ml) and B16 mouse melanoma 
cells, TS/A cells, 4T-1 mouse breast carcinoma cancer 
cells derived exosomes for seven days. Exosomes ob-
tained from B16 tumor cells grown in vitro were em-
ployed as primary exosomes, and exosomes from B16 
tumors produced in vivo were used as cultured exo-
somes. They showed that both primary and cultured 
exosomes induced CD11b Gr-1, IL-6, and phosphory-
lated Stat3 dependent on MyD88 and both TLR2 and 
MyD88 dependent, respectively. Exosomes from mel-

Figure 4. Bar graphs illustrate the concentration of cytokines 
in the exosome-treated stem cells and untreated stem cells 
groups as follows: IL-10 (38.5 ± 1 pg/ml vs. 22.5 ± 1.1 pg/ml, 
p < 0.05) and TGFβ (53.7 ± 1.1 pg/ml vs. 32.4 ± 1.2 pg/ml p < 
0.05) respectively. Comparatively to the control groups, the cy-
tokine profile revealed a substantial rise in IL-10 and TGF-β, a 
characteristic cytokine of the MDSC. The outcomes are shown 
as mean ± SD. The Student’s t-test with no pairings was used to 
compare groups.  The data are present as mean of standard de-
viation. ** p < 0.05 comparison of treated vs. untreated group.
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anoma cells drive the development of myeloid cells 
into TGF-β-secreting CD14+HLA-DR- cells while 
inhibiting the differentiation of myeloid cells into 
DCs, according to Valenti et al24. According to Xiang 
et al20, myeloid cells in the bone marrow can take 
up exosomes from tumor cells. These myeloid cells 
then displayed the phenotypic and functional traits of 
MDSCs, including elevated production of Cox2, IL-
6, Vascular endothelial growth factor (VEGF), Arg1, 
and TGF-β. Furthermore, Fleming et al25 also showed 
that extracellular vesicles from human melanoma 
cells activated PD-L1 through the toll-like receptor 
(TLR)4 and produced immunosuppressive myeloid 
cells from healthy myeloid cells. 

In conclusion, the researchers concentrated on how 
tumor exosomes, which carry functional components, 
contribute to the development of MDSCs. As described 
above, B16F10-derived exosomes can generate MDSC 
cells with increased surface expression of CD1 1b +, 
Ly6G +, and Ly6+ and increased IL-10 and TGF-β lev-
els by hematopoietic stem cells. These findings imply 
the pivotal role of exosome production in the tumor 
environment. Not only do they promote cancer pro-
gression, but they also affect the immune response. 
Therefore, TEX can be clinically used as a prognostic 
indicator in the follow-up and treatment of cancers.

conclusIons

This study demonstrates that tumor-derived exo-
somes can orchestrate the differentiation of hemato-
poietic stem cells into immunosuppressive MDSCs, 
unraveling a potential mechanism of MDSC accumu-
lation and immune suppression in the tumor microen-
vironment. Our findings reveal that exosomes secret-
ed by B16F10 melanoma cells can alter the phenotype 
and cytokine secretion profile of hematopoietic stem 
cells isolated from mouse bone marrow. Flow cytom-
etry analysis showed increased surface expression of 
canonical MDSC markers CD11b, Ly6G, and Ly6C 
on hematopoietic stem cells after exposure to mela-
noma exosomes. The specific upregulation of Ly6G 
over Ly6C suggests polarization towards granulocyt-
ic rather than monocytic MDSCs, providing insight 
into the subtype balance driven by this differentia-
tion program. In addition to inducing an MDSC-like 
phenotype, melanoma exosome treatment triggered 
heightened production of the immunosuppressive cy-
tokines IL-10 and TGF-β by hematopoietic stem cells. 
This aligns with the well-established role of MDSCs 

in secreting anti-inflammatory mediators to suppress 
T cell and NK cell function. Our observations indi-
cate that melanoma exosomes can remotely instigate 
hematopoietic stem cell differentiation into MDSCs 
with both the suppressive surface receptors and cy-
tokine production armamentarium needed to restrain 
anti-tumor immunity.

While the exact exosomal components and mo-
lecular mechanisms governing this MDSC differen-
tiation remain to be fully elucidated, targeting this 
pathway could potentially combat melanoma im-
mune evasion and improve immunotherapy effica-
cy. Inhibition of exosome biogenesis or release and 
blockade of exosome uptake, specifically in hemato-
poietic stem cell progenitors, could help attenuate the 
generation of immunosuppressive MDSCs in the tu-
mor microenvironment. Further research is warrant-
ed to fully elucidate the exosome cargo components 
and signaling pathways responsible for modulating 
hematopoietic stem cell fate. Inhibition of exosome 
biogenesis and release from tumor cells could also 
be explored as a therapeutic strategy. Overall, this 
study highlights the role of melanoma-derived exo-
somes in promoting immunosuppression and identi-
fies a novel mechanism of MDSC accumulation me-
diated through the reprogramming of hematopoietic 
stem cells. 
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