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Abstract Currently the main treatment of acute myeloid leukemia (AML) is chemotherapy combining

hematopoietic stem cell transplantation. However, the unbearable side effect of chemotherapy and the

high risk of life-threatening infections and disease relapse following hematopoietic stem cell transplan-

tation restrict its application in clinical practice. Thus, there is an urgent need to develop alternative ther-

apeutic tactics with significant efficacy and attenuated adverse effects. Here, we revealed that umbilical

cord-derived mesenchymal stem cells (UC-MSC) efficiently induced AML cell differentiation by shut-

tling the neutrophil elastase (NE)-packaged extracellular vesicles (EVs) into AML cells. Interestingly,

the generation and release of NE-packaged EVs could be dramatically increased by vitamin D receptor

(VDR) activation in UC-MSC. Chemical activation of VDR by using its agonist 1a,25-dihydroxyvitamin

D3 efficiently enhanced the pro-differentiation capacity of UC-MSC and then alleviated malignant

burden in AML mouse model. Based on these discoveries, to evade the risk of hypercalcemia, we synthe-

tized and identified sw-22, a novel non-steroidal VDR agonist, which exerted a synergistic pro-

differentiation function with UC-MSC on mitigating the progress of AML. Collectively, our findings pro-

vided a non-gene editing MSC-based therapeutic regimen to overcome the differentiation blockade in

AML.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction predominate role in initiating AML cell differentiation via trans-
Acute myeloid leukemia (AML) is a heterogeneous clonal disor-
der characterized by the accumulation of malignant, immature
myeloid blasts. The leukemic blasts are arrested at an early stage
of differentiation and become tumorigenic clones with a growth
advantage1. All-trans-retinoic acid and arsenic trioxide therapy
dramatically improves the prognosis of acute promyelocytic leu-
kemia, and represents the only clinical advance in pro-
differentiation therapy in AML2,3. This indicates that differentia-
tion therapy, which has the goal of inducing malignant cells to
overcome the differentiation blockade, provides an alternative
clinical avenue for AML. Moreover, hematopoietic stem cell
transplantation (HSCT) combined with high-dosage chemo-
therapy is currently considered the standard of care for patients
with poor-risk AML4. However, the high incidence of post-
transplantation disease relapse limits the application of HSCT
for AML5,6. These dissatisfactory outcomes highlight the need for
efficacious and alternative therapeutic approaches to treat AML.

Adoptive transfer of mesenchymal stem cells (MSC) has been
successfully employed to treat certain vicious diseases. Notably,
as reported on clinicaltrials.gov, there have been clinical trials
investigating the efficiency of MSC in hematologic malignancy.
For instance, human adipose-derived MSC inhibited chronic
myeloid leukemia cell proliferation by secreting Dickkopf-related
protein 17. Mouse bone marrow-derived MSC suppressed lym-
phoma and leukemia cell proliferation in vitro8. Emerging data
have reported that MSC suppressed proliferation and induced
apoptosis of blood malignant cells9, while the efficacy of MSC
treatment in the fate determination of AML cells remains unclear.
Moreover, uncovering the underlying mechanisms and identifying
the related key node controller in regulating the anti-AML activity
of MSC are beneficial for designing novel MSC-based therapeutic
regimens to treat AML.

In this study, we demonstrated that human umbilical cord
derived MSC (UC-MSC, mentioned as MSC below) exerted their
marked pro-differentiation effects on primary AML patient cells
and reduced leukemia burden in an AML mouse model. Mecha-
nistically, extracellular vesicles (EVs) secreted by MSC played a
porting neutrophil elastase (NE) into AML cells. Importantly, we
identified vitamin D receptor (VDR) as the key node to regulate
the generation and release of NE-packed EVs from MSC.
Chemical activation of VDR by using its agonist dramatically
increased NE-packed EVs release from MSC and enhanced MSC-
mediated anti-AML effects in vivo and in vitro. Thus, sw-22, a
novel structural nonsteroidal VDR agonist without causing hy-
percalcemia, was designed and synthesized successfully. This
small molecule exhibited an intriguing synergistic effect with
MSC on inducing AML cell differentiation via enhancing the
generation of NE-packed EVs. Finally, modulating VDR activity
in MSC through treatment with chemical agonist suppressed AML
progression in vivo, thus supporting potential clinical applications
for inducing AML cell differentiation.

2. Materials and methods

2.1. Cell line and cell culture

Primary leukemia cells and UC-MSC were obtained from Nanjing
Drum Tower Hospital (Nanjing, China) after informed consent.
UC-MSC were cultured in alpha-MEM medium. Primary leuke-
mia cells, U937 cells and THP-1 cells were cultured in RPMI
1640. All media were supplemented with 10% fetal bovine serum
and maintained in a humidified incubator at 37 �C with 5% CO2.

2.2. In vitro differentiation assay

ForTranswell co-culturingAMLcellswithMSC,MSC (1� 105)were
seeded and acclimated in the 12-well plates overnight. Then, the
Transwell inserts were placed in the plates, and AML cells (3 � 105)
were added in the top. For cellecell contact co-culture,MSC (1� 105)
were seeded into 12-well plates and acclimated overnight. AML cells
(3� 105) in complete mediumwere added to theMSC culture with or
without 1a,25-dihydroxyvitamin D3 (1,25D3) (MCE), Y27632
(MCE), SB239063 (MCE) or Stattic (SigmaeAldrich). After 48 h, the
AML cells were collected, and their differentiation was determined by
fluorescence-activated cell sorting (FACS).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Flow cytometry

Single-cell suspensions of leukemic cells from BM and blood of
treated mice, and AML cell lines were stained for 30 min on ice
with various antibodies: CD11b-PE (ICRF44; eBioscience),
CD14-FITC (M5E2; Biolegend), CD14-PerCpCy5.5 (M5E2; BD),
CD45-FITC (HI30; BD/2D1; eBioscience). The apoptotic cells
were measured by AnnexinV/PI according to manufacturer’s
protocol (BD Biosciences). Phagocytosis assays were conducted
by using fluorescent red latex beads (1 mmol/L diameter, L-2778,
SigmaeAldrich). The cells were analyzed on a FACSCalibur cy-
tometer using CellQuest software (BD Biosciences). The data
were analyzed using FlowJo software. The statistics presented are
derived from at least 10,000 events from the gated population of
interest.

2.4. TMT-based mass spectrometric analysis

MS analysis on the secretome of MSC was performed as previ-
ously reported10. Briefly, approximately 1 � 106 MSC were
seeded in a T75 flask overnight, then MSC were incubated with
3 � 106 U937 cell for 48 h. Then, U937 cells were removed, and
MSC were washed three times in PBS. MSC were cultured with
10 mL serum-free medium for 24 h. Next, serum-free conditional
medium (CM) was harvested and centrifuged at 10,000 � g to
remove the cell debris. The CM was concentrated with ultrafil-
tration conical tubes with membranes selective for molecules
<10 kDa (Millipore UFC501096) five times at 4000 � g for
30 min each time. Finally, the concentrated samples were
analyzed with MS/MS.

2.5. Bioinformatic analysis

Gene Ontology (GO) enrichment analyses were performed by
using the ClusterProfiler (v3.16.0) R package. Weighted gene co-
expression network analysis (WGCNA) was conducted using the
WGCNA (1.69) package. The module eigengene expression, ad-
jacency matrix heatmap, module-trait relationships, and other
related parameters were calculated and visualized according to
package instructions.

2.6. RNA isolation and quantitative real time PCR

Total RNA was isolated from MSC or AML cells with TRIzol
reagent (Invitrogen), and the protocol was followed according to
the manufacturer’s instructions, and then RNAwas quantified with
Nano-drop. Reverse transcription was performed with 5 � All-In-
One RT MasterMix (abm Cat#G486 Code Q111-02) kit.
Quantitative-PCR assays were carried out on the CFX96 real time
PCR detection system (Bio-Rad). The comparative threshold
method for relative quantification was used, and the results are
expressed as fold change. The expression of the measured genes in
each sample was normalized to the GAPDH mRNA expression
levels. The details of primers are listed in Supporting Information
Table S1.

2.7. Western blotting

After treatment, the cells were harvested, and the proteins were
extracted by whole cell lysis (Beyotime). Protein concentration
was determined by BCA reagent from Pierce. Lysates were eluted
in 1 � SDS Loading Buffer (Beyotime), resolved by 10% SDS-
polyacrylamide gels, transferred to PVDF membranes (Bio-Rad)
and then probed with the appropriate antibodies. The LumiGlo
Chemiluminescent Substrate System (Thermo) was used for
protein detection. The antibodies used were specific for Cyclin D1
(bs-0572R, Bioss), p21 (sc-6246; Santa Cruz), Alix (18269, CST),
Flotillin-1 (18634, CST), Annexin V (8555, CST), Neutrophil
Elastase (63610,CST), Neutrophil Elastase (bs-6982R, Bioss),
p38 MAPK (9212, CST), p-p38 MAPK (T180/Y182) (9215,
CST), p-STAT3 (Y705) (9145, CST), STAT3 (9132; CST), VDR
(14526-1-AP; Proteintech), GAPDH (1:10,000; MB001H, Bio-
world) and b-actin (1:10,000; ab133626, Abcam). All antibodies
were used at a 1:1000 dilution for Western blotting unless
otherwise noted.

2.8. EVs experiments

EVs from MSC culture medium were isolated as previously
described11. In brief, MSC were cultured with EV-depleted FBS
for 48 h. Then, culture medium was collected and centrifuged at
3000 � g for 10 min at 4 �C, followed by a centrifugation step of
10,000 � g for 30 min at 4 �C to remove cellular debris. EVs were
isolated using ultracentrifuge at 100,000 � g for 90 min. The
pellet was washed with ice-cold PBS, resuspended in PBS and
stored at �80 �C. EVs quantification was performed by determi-
nation of the protein contents using a bicinchoninic acid assay.
The amount of EVs was also quantified by using BCA method.
EVs were examined by transmission electron microscope (TEM).
Primary antibodies against Alix, Flotillin-1 and Annexin V were
used for the identification of EVs. For the visualization of EV-
packaged NE internalization, MSC were transfected by lentiviral
particles expressing GFP-labelled NE. After 48 h, the culture
medium of transfected MSC was collected and isolated for EVs.
The collected EVs were added to AML cells. Images were ob-
tained by laser scanning confocal microscopy.

For in vitro experiments, 10 mg/mL MSC-EVs or PBS control
were added into the U937 or THP-1 cells culture medium, and
then incubated for 48 h to ensure incorporation of the MSC-EVs.
For in vivo studies, NOD/SCID mice which were intravenously
injected with AML cells three days followed by injected with
100 mg MSC-EVs (diluted in 200 mL saline) or 1 � 106 MSC per
mouse via tail vein. AML mice that received the equivalent vol-
ume of saline were considered as the control group.

2.9. Lentiviral plasmids production and cell infection

The cDNAs encoding GFP-labelled NE or VDR were cloned, and
inserted into the pLenti6/v5 lentiviral vector. The lentiviral par-
ticles were produced in HEK293T cells by co-transfecting the
plasmids with two package plasmids (psPAX2 and pMD2.G)
using Lipofectamine 2000 (Invitrogen). Culture supernatants were
collected after transfection for 72 h. The medium containing
concentrated lentivirus (Lenti-Concentin Virus Precipitation So-
lution, Cat. No. C103-01) was used to infect MSC.

2.10. Animal studies

The xenograft leukemia model was established by the direct
intravenous injection of U937 cells (1 � 107) into the tail veins of
NOD/SCID mice purchased from the Model Animal Research
Center of Nanjing University (Nanjing, China). Three days after
implantation, the mice were grouped and intravenously injected
via the tail vein with MSC (1 � 106) per week combined with sw-



Figure 1 MSC treatment induces AML cell differentiation. (A, B) Flow cytometry for CD14þCD11bþ (A) and apoptotic (B) primary human

cells from M4 and M5 patients after MSC incubation. Each dot represents one patient. (C) U937 and THP-1 cells were co-cultured with MSC for

48 h, morphological changes accompanied by myeloid differentiation were confirmed by WrighteGiemsa staining of cells. Scale bar Z 25 mm.

(D, E) Flow cytometry analysis of the expressions of the differentiation markers CD11b and CD14 (D) and the phagocytosis activity (E) (n Z 3).

(F) The relative gene expression levels of the differentiation and cell cycle markers CD14, CD11b, CD68, CD71, p21 and Cyclin D1 in U937 and

THP-1 cells were assessed by RT-qPCR (n Z 3). (G) Flow cytometry analysis of the cell cycle arrest of U937 and THP-1 cells co-cultured with

MSC for 48 h (n Z 3). (H) Protein levels of Cyclin D1 and p21 were both upregulated in cocultured U937 cells; the results were detected by

Western blotting. Data are quantified on the right. Data are represented as the mean � SEM. Data were analyzed by Student’s t test (D, E), two-

way ANOVA followed by Bonferroni’s test (F, G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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22 (10 mg/kg) or 1,25D3 (0.3 mg/kg) or with phosphate buffered-
saline intraperitoneally 5 times per week for 4 weeks. All mouse
procedures and experiments for this study were approved by the
Institutional Animal Care and Use Committee at Nanjing Uni-
versity (No. ICAUC-2007021).

2.11. H&E staining and immunofluorescence

Formalin-fixed, paraffin-embedded samples were segmented and
stained with hematoxylin and eosin (H&E). The cell slides were
fixed and stained with anti-CD45 (sc-1178, Santa Cruz) anti-
bodies. Images were acquired using a Nikon A1R confocal laser
scanning microscope. The TIFF files were imported into Adobe
Photoshop, and the entire field was enhanced and sharpened using
the levels command and/or a high-pass filter.

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0
software. Error bars indicate the standard error of the mean (SEM)
unless otherwise indicated. The differences were analyzed by
using a nonparametric ManneWhitney analysis (two-tailed). P
values of the plotted data �0.05 were considered statistically
significant. All statistical analyses were generated based on at
least three independent experiments.
3. Results

3.1. MSC treatment confers AML cells monocyte-like phenotype

In the preliminary clinical study, we designed an experiment uti-
lizing MSC to treat acute leukemia cells to evaluate the impact of
MSC on leukemia cells. We collected peripheral blood samples
from 27 AML patients and conducted an analysis to monitor the
phenotypic characteristics of the AML cells after a 48 h incuba-
tion with MSC. The data revealed that the expression levels of
both CD11b and CD14, two typical surface markers of monocyte
differentiation, increased in 22 of 27 primary AML cells, indi-
cating that AML cells might undergo differentiation mediated by
MSC treatment. Meanwhile, 11 of 16 primary cells underwent
apoptosis (Fig. 1A and B, Supporting Information Fig. S1A and
S1B). These preliminary results lead to further research to deter-
mine whether MSC treatment holds the possibility of shaping the
fate of acute myeloid leukemia cells.

To evaluate the exact effect of MSC treatment on AML cells,
U937 and THP-1 cells were co-cultured with MSC. We observed
irregularly shaped nuclei, an extended cytoplasm and the
appearance of fine granules (Fig. 1C). Meanwhile, increased
expression levels of CD14 and CD11b were observed (Fig. 1D and
Fig. S1C), which was in agreement with the data obtained from
the abovementioned primary AML cell experiments. Interestingly,
the phagocytic activity of U937 and THP-1 cells after co-culturing
was profoundly enhanced (Fig. 1E). The differentiation of AML
cells was also revealed by assaying changes in the expression of
myeloid genes, such as CD71, CD68, CD14 and CD11b (Fig. 1F).
In addition, MSC induced G0/G1 cell cycle arrest and apoptosis in
U937 and THP-1 cells (Fig. 1FeH, Fig. S1D and S1E). Our
preliminary findings demonstrated that MSC treatment mediated
AML cell differentiation and conferred these aberrant blood cells
with monocyte-like phenotypes.
3.2. MSC generates EVs to initiate the AML cell differentiation

Next, we sought to investigate the machineries involved in MSC-
mediated AML cell differentiation. The MSC in Transwell co-
culture system showed similar pro-differentiation efficacy with
that in cellecell contact co-culture system (Supporting Infor-
mation Fig. S2A), which indicated that the MSC generated
soluble mediators for triggering AML cell transformation. To
explore the mediators that elicited this effect, we fractionated the
components in the MSC culture supernatant (MSC-CM) and
evaluated their efficacy on AML cells. First, the fraction con-
taining the factors whose molecular size was lower than 3 kDa
(<3 kD), failed to increase the number of CD14þCD11bþ cells,
suggesting that MSC-derived small molecules had little impact
on inducing AML cell differentiation. In contrast, the fraction
(>3 kD) significantly augmented the expression of both CD14
and CD11b in U937 and THP-1 cells (Fig. S2B), which proved
that certain pro-differentiation protein components existed in
MSC-CM. Next, we performed the ultracentrifugation of the
>3 kDa fraction and found that the pellets containing EVs
showed more robust pro-differentiation effect on AML cells than
that induced by supernatants containing cytokines (Fig. S2C).
Electron microscopy evaluation confirmed the morphology and
diameter of EVs (Fig. 2A). The biomarkers of EVs were tested
by Western blotting (Fig. 2B). The internalization of EVs into
AML cells was visualized by confocal microscopy (Fig. 2C). To
verify the efficacy of EVs from MSC on AML cell differentia-
tion, we treated U937 and THP-1 cells with purified EV parti-
cles. As shown in Fig. 2D and Fig. S2D, this treatment
dramatically promoted AML cell differentiation in a dose-
dependent manner. In contrast, impeding the formation and
release of EVs by Y27632, an inhibitor of EV trafficking,
impaired the pro-differentiation capacity of MSC (Fig. 2E and
Fig. S2E). These results suggest that MSC released EVs to
promote AML cell differentiation. Next, we tested the p38
MAPKeSTAT3 signaling in AML cells, which has been re-
ported as an important signaling pathway in hematopoietic cell
differentiation12,13. The data shown that both U937 and THP-
1 cells treated with MSC-EVs exhibited enhanced the phos-
phorylation levels of p38 MAPK and STAT3 (Fig. 2F, Fig. S2F
and S2G). Cells treated with specific inhibitors of p38 MAPK
(SB239063) or STAT3 (Stattic) inhibited EV-induced
CD14þCD11bþ cell generation, meanwhile the combined
treatment completely blocked the effect of EVs on AML cell
differentiation (Fig. 2G, Fig. S2H and S2I). These data indicate
that MSC-EVs promote AML cell differentiation via activating
p38eSTAT3 signaling.

To evaluate the anti-AML effect of MSC-EVs in vivo, AMLmice
were treatedwith 1� 106MSCand equivalentMSC-derivedEVs.By
evaluating human CD45þ cells in peripheral blood (PB) and bone
marrow (BM), we found that MSC and MSC-EVs showed similar
effects on the reduction of the leukemia burden (Fig. 2H and I).
Notably, a markedly higher level of differentiation was observed in
both MSC- and MSC-EV-treated groups, as evidenced by the upre-
gulation of the differentiation marker CD14 (Fig. 2J and K).
Furthermore, significant attenuations of splenic infiltration were



Figure 2 MSC promotes AML cell differentiation by EVs. (A) Electron microscopy image of EVs isolated from the conditional medium of

MSC. Scale bar Z 200 nm. (B) Western blotting for the expression of Alix, Flotillin-1, Annexin V and NE in MSC, supernatant and EVs which

were extracted from MSC conditional medium, respectively. Data are quantified on the right. (C) Confocal microscopy images of U937 cells

treated with EVs derived from CFSE-labelled MSC for 2 h. 100 � magnification; scale barZ 20 mm; (D) U937 cells were cultured with EVs (10,

20, and 30 mg) for 48 h. The myeloid differentiation markers CD11b and CD14 in U937 cells were analyzed by flow cytometry (n Z 3). (E)

U937 cells were cultured with MSC in the presence of EVs trafficking inhibitor Y27632 (10, 20, and 40 mmol/L) for 48 h. The myeloid dif-

ferentiation markers CD11b and CD14 in U937 cells were analyzed by flow cytometry (n Z 3). (F) MSC EVs (30 mg) were added to stimulate

U937 cells. Western blotting was applied to detect the levels of phosphorylation of p38 and STAT3 in U937 cells. Data are quantified on the right.

(G) U937 cells were treated by the p38 MAPK inhibitor SB239063 (SB) (10 mmol/L) and/or the STAT3 inhibitor Stattic (5 mmol/L) followed by

incubating with MSC for 48 h. The percentage of CD14þCD11bþ cells was determined by flow cytometry. (H, I) Flow cytometry analysis of the

percentage of leukemic cells (CD45 positive cells) in peripheral blood (PB) (I) and bone marrow (BM) (J) in vehicle, MSC-treated and MSC-EVs-

treated mice after 25 days of transplantation (n Z 4 or 5 each group). (J, K) Flow cytometry analysis of the expression of the differentiation

marker CD14 in PB (K) and BM (L) derived leukemic cells (n Z 4 or 5 each group). (L) Fluorescent images of the AML cells infiltration in the

spleen as observed via immunofluorescence with anti-CD45 antibody (green). Nuclei are stained with DAPI (blue). 10 � magnification; scale

bar Z 100 mm. Data are expressed as the mean � SEM. Data were analyzed by Student’s t test (E, F) and one-way ANOVA followed by Tukey’s

test (D, GeK). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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shown in both MSC- and MSC-EV-treated mice (Fig. 2L). These
findings suggest thatMSC initiatedAMLcell differentiationviaEVs,
and that MSC-EVs exerted comparable effects to those of MSC.

3.3. Identification of neutrophil elastase (NE) is the key effector
in MSC-EVs

To identify the specific components that determined the monocytic
fate, we conducted secretome of MSC. MSC were pretreated with
U937 cells in a Transwell system for 24 h, leukemic cells were
removed, and the serum-free fresh culture media was changed for
48 h. The concentrated culture media was subjected to quantitative
proteome analysis (Supporting Information Fig. S3A). As a result,
a total of 28 upregulated proteins and 2 downregulated proteins
were considered to be significantly changed proteins (defined as a
P value＜0.05 and log2(FC) ＞1) (Fig. 3A). To further narrow
the scope of functional factors, we set up a higher threshold
[log2(FC) ＞ 1.5] for filtering the upregulated proteins, and ob-
tained 14 candidates. Quantitative RT-PCR (qRT-PCR) assay
demonstrated that, among these candidates, ELANE known as
neutrophil elastase (NE) exhibited the highest induction level
(>25-fold) of gene expression (Fig. S3B) when cocultured with
U937 cells. Parallelly, in the co-culturing system, NE protein was
specifically enriched in MSC but not in differential U937 cells
(Fig. 3B and Fig. S3C). Previous studies have proven that NE
abundance was positively correlated with the neutrophil differ-
entiation14,15. According to TCGA datasets, AML patients with
higher expression of NE showed an improved overall survival time
(Fig. S3D). GEO dataset mining was also used to analyze the
relationship between AML and NE expression. Weighted gene co-
expression network analysis across samples from M0eM7
myeloid leukemia patients showed that NE gene was grouped into
the blue module in which genes were negatively correlated with
the M5 leukemia (monocytic leukemia) characteristics (Fig. 3C
and D). The subsequent GO cluster confirmed that the genes in the
NE grouped in the blue module were correlated with the leukocyte
differentiation (Fig. S3E). The comprehensive bioinformatic
analysis indicated that the NE expression level was highly linked
to monocytic leukemia phenotype. Thus, these data suggest that
NE might be a key factor in MSC-mediated AML cell
differentiation.

Considering NE was detected in MSC-EVs (Fig. 2B), we
speculated that MSC-EVs delivered NE to AML cells to initiate
differentiation. To verify this hypothesis, we overexpressed the
GFP (green fluorescence protein) fusion NE protein in MSC,
collected secreted EVs and added them to recipient AML cells.
Microscopy imaging and immunoblotting showed that EVs with
NE cargo were internalized by leukemic cells (Fig. 3E). Further-
more, EVs from NE-overexpressed the MSC boosted both CD14
and CD11b expressions in U937 and THP-1 cells (Fig. 3F and
Fig. S3F), accompanied by an enhancement of phagocytic activity
(Fig. 3G and Fig. S3G). In contrast, the NE knockout (NE-KO)
MSC generated EVs lost their pro-differentiation capacity
(Fig. 3H, I, Fig. S3H and S3I). These data suggest that NE was the
pivotal factor in MSC-EVs. Moreover, NE-induced differentiation
of AML cells was significantly decreased by the NE inhibitor
sivelestat (Fig. S3J and S3K), indicating that the activity of NE
was requisite to promote AML cell differentiation. Given that NE
is reported to regulate p38eSTAT3 signaling pathways16,17, we
tested the effects of NE on the activation of this pathway. Treat-
ment of U937 cells with NE for 2, 6, and 12 h resulted in a time-
dependent increase in the phosphorylation levels of p38 MAPK
and STAT3 (Fig. 3J). Specific inhibition of NE and p38 signifi-
cantly diminished the phosphorylation of p38 and STAT3,
respectively (Fig. 3K). These results indicate that NE propelled
AML cell differentiation in p38/STAT3-dependent manner. Taken
together, NE was the key effector in MSC-EVs which initiated
AML cell differentiation.

3.4. VDR drives NE-loaded EVs production and controls the
pro-differentiation ability in MSC

In light of the dramatic performance of MSC on AML cell dif-
ferentiation, we wondered the molecular controller for this effect
in MSC. We applied the upregulated differentially expressed
proteins of U937-treated MSC in secretome to ChIP-X enrichment
analysis. This analysis method enriched transcription factors (TFs)
that drove the expression of these proteins, and vitamin D receptor
(VDR) was identified as the most potential TF in controlling the
MSC secretion behavior (Supporting Information Fig. S4A). To
test the transactivation function of VDR on NE gene, we con-
structed a reporter gene system in which a luciferase gene was
under a NE promoter (elane-luc). Following the treatment of
1,25D3, the natural VDR full agonist, VDR showed robustly
enhanced activation in NE gene transcription, which verified that
VDR was the upstream TF for NE expression (Fig. 4A). Consis-
tent with the luciferase assay, agonism of VDR led to an increase
of NE protein level in MSC (Fig. 4B and C). Meanwhile, greater
transcriptional activity of VDR was observed in the combination
of 1,25D3 and U937 cells (Fig. S4B). Further, to confirm the
critical role of VDR in NE expression, the VDR knockdown
(MSC&shVDR) and VDR-overexpressing MSC (MSC OE-VDR)
were generated (Fig. S4C and S4D). Upon treatment with 1,25D3,
MSC&shVDR dramatically impeded the NE expression (Fig. 4D).
In contrast, this treatment highly enhanced the NE level in MSC
OE-VDR (Fig. 4E). These data demonstrate that VDR was the
transcriptional controller of NE in MSC. Next, we evaluated
whether VDR activation could elevate the NE-packaged EV
release of MSC and strengthened the AML cell differentiation.
MSC were primed with 1,25D3, then, MSC-EVs were collected
and added into U937 cells. As shown in Fig. 4F, 1,25D3-treated
MSC generated more NE-packaged EVs into the supernatant.
Moreover, EVs from 1,25D3-treated MSC exhibited a more
marked pro-differentiation capacity on AML cells than EVs from
untreated MSC (Fig. 4G and Fig. S4E). In contrast, VDR
knockdown in MSC inhibited 1,25D3-induced EV production
(Fig. 4H). To further validate the role of VDR in MSC-EV-
mediated AML cell differentiation, VDR knockout MSC (MSC
VDR-KO) were applied to the related cell experiments (Fig. S4F).
VDR deletion in MSC completely blocked NE generation
(Fig. S4G). Moreover, EVs from MSC VDR-KO showed impaired
efficiency on AML differentiation (Fig. 4I). Collectively, these
data demonstrate that the secretory action of NE-packed EVs in
MSC was controlled by VDR.

In our previous work, we have noted that AML cells from
myelomonocytic and monocytic AML patients expressed higher
levels of IFN-g and TNF-a than that from normal people. Notably,
when co-culture with MSC, AML cells significantly enhanced the
expressions of TNF-a and IFN-g while MSC did not have this
phenomenon18. Here, to explore the inducers for VDR activation,
MSC were treated with recombinant IFN-g or TNF-a and the
VDR level was analyzed. As shown in Fig. S4H, TNF-a treatment
significantly enhanced the VDR expression while IFN-g did not.
Consistent with VDR enhancement, the NE expression was also



Figure 3 NE-packaged EVs are the key effector in MSC-mediated AML cell differentiation. (A) The volcano plot of differentially expressed

proteins. Blue dots represented significantly down-regulated expression proteins. Red dots represented significantly up-regulated expression

proteins. Green dot represented ELANE (defined as a P value＜0.05 and log2(FC)＞1). (B) Western blotting for the expression of NE in MSC

upon the co-culture with or without U937 cells. Data are quantified on the right. (C) Weighted gene co-expression network analysis identified 16

modules with highly correlated gene expression patterns. Correlations between each module and the subtypes of AML (M0eM7) genotypes are

shown by the intensity of the purple or green color. The P value for each module is shown in brackets. (D) NE expression levels of AML M5

samples and other subtypes of AML samples in TCGA datasets. (E) Confocal microscopy images of U937 cells treated with MSC EVs carrying

GFP-labelled NE for 2 h. 100� magnification; scale bar Z 20 mm. (F, G) EVs isolated from MSC CM or MSC OE-NE CM were added to

U937 cells. The percentage of CD14þCD11bþ cells (F) and phagocytosis activity (G) were evaluated by flow cytometry (n Z 3). (H, I) EVs

isolated from MSC CM or MSC NE-KO CM were added to U937 cells. The percentage of CD14þCD11bþ cells (H) and phagocytosis activity (I)

were evaluated by flow cytometry (n Z 3). (J) Western blotting analysis of the time course of NE effects on p38 MAPK and STAT3 activities.

Data are quantified on the right. (K) U937 cells were treated with NE in the presence or absence of the NE inhibitor Sivelestat (Si) (5 mmol/L) or

SB239063 (SB) (10 mmol/L). Western blotting was applied to detect the levels of phosphorylation of p38 and STAT3 in U937 cells. Data are

quantified on the right. Data are expressed as the mean � SEM. Data were analyzed by Student’s t test (B) and one-way ANOVA followed by

Tukey’s test (F)e(K). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3034 Luchen Sun et al.



Cellular therapy for AML differentiation 3035
elevated in MSC upon TNF-a treatment (Fig. S4I). Parallelly,
TNF-a expression in U937 cell and MSC were analyzed, and we
found that the protein expression of TNF-a was significantly
elevated in U937 cells when they were co-cultured with MSC
(Fig. S4J), whereas no significant changes in TNF-a expression
were found in MSC (Fig. S4K), indicating TNF-a was secreted by
AML cells. These data suggest that TNF-a secreted by AML cells
is a functional activator to induce VDR expression in MSC.

3.5. Combined treatment with MSC and 1,25D3 synergistically
promotes AML cell differentiation

Given the tight link between VDR-driven EVs release and AML
cell differentiation, we tried to construct the MSC-based therapy
regimen. As MSC was able to persistently generate EVs, we
speculated that the pharmacological activation of VDR would
make MSC an ideal living drug for AML treatment. To test this
speculation, U937 cells were treated with the combination of MSC
and 1,25D3, and the differential markers were evaluated.
Compared to the MSC group, the combinational treatment elicited
a much higher expression of CD14 and CD11b (Fig. 5A and
Supporting Information Fig. S5A), enhanced phagocytosis activity
(Fig. 5B, Fig. S5B and S5C) and increased cell size in AML cells
(Fig. 5C). The cell cycle was also analyzed, and we found that the
combinational treatment reinforced the G0/G1 cell cycle arrest of
U937 cells (Fig. 5D and Fig. S5D). These data suggest that the
combination was more efficacious in inducing AML differentia-
tion and that the prodifferentiative capacity of MSC could be
improved by 1,25D3-mediated VDR activation. Moreover, the
addition of 1,25D3 to the co-culture system increased the phos-
phorylation of p38 MAPK, and STAT3 in AML cells (Fig. S5E
and S5F). Overall, our data demonstrate that 1,25D3 facilitated
the enhancement of the pro-differentiation ability of MSC by
activating VDR. On this basis, we developed a combination
regimen of MSCs plus 1,25D3 for treating AML.

Since the above results resulted in a positive outcome for
treatment with MSC plus 1,25D3 in vitro, we next extended our
research to a mouse leukemia model. AML mice were treated with
either 1,25D3 or MSC alone or in combination. Twenty-five days
post-injection, MSC with/without 1,25D3 treated groups showed
improved survival. The median survival was 34.5 days in the
MSC-treated group, 31 days in the 1,25D3-treated group, 44 days
in the combination-treated group and 26.5 days in the vehicle-
treated group (Fig. S5G). Moreover, the administration of either
agent substantially attenuated the weight of the liver and spleen
(Fig. 5E and F) and reduced the leukemia burden in PB and BM
compared to that in vehicle-treated mice (Fig. 5G and H). It is
noteworthy that the leukemia burden of the combination-treated
mice decreased to 5% in PB and 2% in BM, which was associ-
ated with a markedly higher level of differentiation than that
associated with the single treatments (Fig. 5I and J). Furthermore,
a further significant attenuation of splenic infiltration was shown
in MSC/1,25D3-treated mice (Fig. 5K). Parallelly, the abundance
of NE-packaged EVs was highly elevated in combination-treated
mouse serum (Fig. S5H). These findings suggest that MSC/
1,25D3 treatment indeed executes a synergistic pro-differentiation
function in the mouse AML model and provide in vivo proof that
combined treatment could increase the therapeutic efficacy in
AML.

Additionally, to evaluate the safety of 1,25D3-treated MSC
(pre-MSC), pre-MSC was monitored in adult male C57BL/6 mice
after a single intravenous injection. The control group was given
100 mL of physiological saline per animal, and the treatment
group received the same volume of a suspension containing MSC
(108/kg). Seven days after the administration, normal hemato-
logical parameters and blood biochemical indexes were performed
and no significant difference existed in the pre-MSC-treated group
in comparison with the control group (Supporting Information
Fig. S6A and S6B). Moreover, the histopathological analysis of
the liver, spleen and kidney showed no obvious pathological al-
terations in pre-MSC-treated mice (Fig. S6C), suggesting that
1,25D3-modulated MSC treatment did not present potential
toxicity. Taken together, our data highlight that 1,25D3-modulated
MSC therapy was efficient and safe.
3.6. A novel VDR agonist, sw-22, boosts the differentiation-
promoting effect of MSC

Although 1,25D3 exerts a marked anti-leukemia ability on AML
cells, its potent calcemic activity, which results in hypercalcemia
or hypercalciuria, is the major limiting factor in the clinical
application19. To find potent VDR agonists with a reduced risk of
increasing serum calcium, 108 nonsteroidal 1,25D3 analogues
were designed and synthesized in our previous work20e22. Then,
seven compounds were picked according to the analysis of their
structureeactivity relationships and their capacity for AML dif-
ferentiation induction (Supporting Information Table S2). Among
these, sw-22 was selected on account of its low cytotoxicity and its
preferable ability to promote leukemia cell differentiation (Fig. 6A
and B and Supporting Information Fig. S7AeS7D). After incu-
bation with sw-22, MSC displayed dramatic increases in NE and
EVs production (Fig. 6C, D and Fig. S7E), suggesting the
enhancing effect of sw-22 on NE-packaged EVs generation in
MSC. Considering that sw-22 is a VDR agonist, MSC & shVDR
and sw-22 were used to treat U937 cells. As expected, we found
that MSC & shVDR exhibited reduced expression of NE, and the
suppressed capacity on AML differentiation (Fig. 6E and F).
Moreover, the application of sw-22 increased the phosphorylation
of p38 MAPK, and STAT3 in co-cultured AML cells (Fig. S5F and
S5G). Taken together, these findings demonstrate that sw-22
activated VDR to induce AML cell differentiation via facili-
tating the generation of NE-loaded EVs from MSC.

We next exploited a xenograft AML mouse model to evaluate
the therapeutic effects of the sw-22 and MSC combination.
Cytarabine (5 mg/kg), one of the most common AML clinical
treatments, served as a positive control. The regimen of MSC/sw-
22 resulted in dramatically prolonged survival compared with
vehicle-treated mice (26 days) or mice treated with either MSC or
sw-22 alone (33 days for MSC and 32 days for sw-22) and reached
similar clinical outcomes with cytarabine treatment (38 days for
cytarabine) (Fig. 6G). In addition, the combination-treated mice
showed a remarkable reduction of leukemia burden in PB and BM
compared to that in vehicle-treated mice (Fig. 6H, I and Fig. S7H).
Histological analysis further confirmed the profoundly attenuated
splenic and hepatic infiltration of leukemia cells (Fig. 6J). These
data suggest that MSC/sw-22 treatment efficiently ameliorated the
AML burden and executed a synergistic differentiation-promoting
effect in vivo. Notably, a significant increase in CD14 and CD11b
expressions were found in primary AML cells treated with MSC/
sw-22 or the single treatments ex vivo (Fig. 6K, L and Fig. S7H),
corroborating the effects on differentiation observed in the mouse
AML model and the human AML cell lines. Taken together, our
findings provide an efficient pro-differentiation therapeutic



Figure 4 VDR modulates the production and release of NE carried EVs. (A) Luciferase reporter assay evaluating the transcriptional activity of

VDR, following treatment with 1,25D3 (n Z 6). (B) Relative NE protein level in DMSO- or 1,25D3-treated MSC was evaluated by Western

blotting (n Z 3). (C) Confocal microscopy analysis of the NE expression (Alexa Fluor 488) in DMSO- or 1,25D3-treated MSC. Data are

quantified on the right. 100� magnification; scale bar Z 20 mm. (D) The NE expressions in MSC & shcon or MSC & shVDR treated by

U937 cells with or without 1,25D3 were assessed by RT-qPCR (n Z 3). (E) The NE expression in MSC OE-con or MSC OE-VDR treated by

U937 cells with or without 1,25D3 was assessed by RT-qPCR (n Z 3). (F) MSC was cultured in the presence or absence of 1,25D3. The ex-

pressions of Alix, Flotillin-1, NE in MSC-EVs were detected by Western blotting (n Z 3). Data are quantified on the right. (G) EVs isolated from

1,25D3-primed MSC (pre-EVs) were added to treat U937 cells. The myeloid differentiation markers CD11b and CD14 in U937 cells were

analyzed by flow cytometry. (n Z 3) (H) The numbers of EVs existed in MSC & shcon or MSC & shVDR medium were assessed by flow

cytometry (n Z 3). (I) U937 cells were treated by MSC or MSC VDR-KO in the presence with or without 1,25D3. The expressions of CD14 and

CD11b in U937 cells were evaluated by flow cytometry (n Z 3). All statistical data in this figure are expressed as the mean � SEM. Data were

analyzed by Student’s t test (B, C), two-way ANOVA followed by Bonferroni’s test (D, E, F, I) and one-way ANOVA followed by Tukey’s test (B,

C, H). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 VDR activation enhances MSC-mediated pro-differentiation effect on AML cells. (A, B) U937 cells were cultured alone or

incubated with MSC in the presence or absence of 1,25D3 (8 nmol/L) for 48 h. The differentiation markers CD14 and CD11b (A),

phagocytosis activity (B) in U937 cells were measured by flow cytometry. Fold increase of CD14 and CD11b expressions and phagocytosis

beads (mean fluorescence intensity relative to untreated cells) were quantified on the right (n Z 3). (C) Morphological changes were

confirmed by WrighteGiemsa staining of cells with or without MSC and 1,25D3 culture. Scale bar Z 25 mm. (D) U937 cells were cultured

alone or incubated with MSC in the presence or absence of 1,25D3. Flow cytometry analysis of cell cycle of U937 cells (n Z 3). (E, F) The

weight index of liver (E) and spleen (F) in different groups (n Z 6). (G, H) Flow cytometry analysis of the percentage of leukemic cells in PB

(G) and BM (H) in vehicle, single agent-treated and combination-treated mice after 25 days of transplantation (n Z 6). (I, J) Flow cytometry

analysis of the expression of the differentiation marker CD14 in PB (I) and BM (J) derived leukemic cells (n Z 6). (K) Fluorescent images

(left) and quantitation (right) of the AML cells infiltration in the spleen as observed via immunofluorescence with anti-CD45 antibody (red).

Nuclei are stained with DAPI (blue). Scale bar Z 75 mm. A dot depicts data from an individual animal, and all the histograms in this figure

show the mean � SEM. Data were analyzed by two-way ANOVA followed by Bonferroni’s test (D) or one-way ANOVA followed by Tukey’s

test (A, B, EeK). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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strategy, MSC/sw-22 treatment, to ameliorate the AML burden
without hypercalcemia (Fig. S7I).
4. Discussion

For AML treatment, high-dose chemotherapy combined with
HSCT is considered the most commonly used clinical approach.
Despite the fact that this combinatorial strategy achieves complete
remission for many patients, intensive chemotherapy often pro-
duces intolerable adverse effects23,24. In addition, patients under-
going HSCT have been shown to be at a high risk of infection and
post-transplantation disease relapse25. Recently, anti-CD19/CD20
CAR-T cells have become available in clinical practice for
treating B-cell acute lymphoblastic leukemia and non-Hodgkin
lymphoma, which has brought new hope to patients with blood
malignancies26,27. However, current CAR-T therapies designed
for AML have failed in clinical trials due to the lack of ideal
specific surface antigens, which causes severe damage to normal
myeloid cells28. These disappointing outcomes indicate the need
for the further development of alternative effective therapeutic
strategies. For this purpose, we attempted to design a cellular
therapy for treating AML in our preliminary investigation and
found that UC-MSC transplantation effectively controlled AML
progression. Thus, in the current study, we provided a non-gene
editing MSC-based anti-AML therapy regimen as a means to
perform AML differentiation therapy. We demonstrated that MSC
exhibited a significant differentiation-inducing effect on AML
cells and remitted the progression of AML. Mechanistically, we
discovered that the pro-differentiation capacity of MSC mainly
leaned upon transmitting NE-loaded EVs generated by MSC into
AML cells. Further, VDR activation in MSC was proven to impel
the production and secretion of NE-loaded EVs. Notably, chemi-
cal activation of VDR using its agonists markedly increased NE-
packaged EV production in MSC, and exerted synergetic
enhancement effects with MSC on alleviating AML burden
(Fig. 6M). The anti-leukemic activity of the combinatorial
regimen may offer a promising therapeutic option for AML
treatment.

MSC are essential mediators in the maintenance and regulation
of hematopoiesis and immune system homeostasis29. Neverthe-
less, several clinical investigations pointed out that, in blood
malignancies, patient-derived MSC were functionally impaired in
specifically supporting leukemic cells over normal HSCs30e32,
and aggravating disease progression. Considering these discov-
eries, we postulated whether allogeneic MSC treatment could
remedy the deficiency displayed by autologous MSC. As ex-
pected, allogeneic UC-MSC transplantation significantly allevi-
ated the AML burden and prolonged the survival period in a
mouse model. Importantly, we made an exciting observation that
UC-MSC mediated AML cell differentiation by instructing them
to acquire mature monocyte-like features. Retrospective drug
utilization manifests that only retinoic acid and arsenic have been
successfully used to promote leukemic cell differentiation in
curing acute promyelocytic leukemia33. There is still a lack of
effective pro-differentiation methods for inducing the differentia-
tion of primary AML cells from other subtypes of AML. Here, we
collected 27 primary blood samples from AML-M4/M5 patients,
and 80% of the sample cells underwent differentiation upon UC-
MSC treatment. Despite that UC-MSC infusion has not been
approved in AML patients, the partial achievement of primary
AML cell differentiation in our study hinted that MSC might serve
as an approach to treat AML by overcoming their blocked
differentiation.

We found that UC-MSC first mediated AML cell differenti-
ation via secreted EVs. To address the underlying mechanism,
we used a combination strategy that included quantitative pro-
teomic techniques and specific bioinformatics analysis. We
further identified NE as a major bioactive factor packaged in
MSC-EVs, which shuttled into AML cells and initiated the dif-
ferentiation of AML cells. Inhibiting EVs release or knocking
out the NE gene significantly impaired the pro-differentiation
effect of MSC, suggesting that NE-loaded EVs played a prom-
inent role in MSC-mediated AML cell differentiation. EVs play
a crucial role in mediating cell-to-cell communication. Recent
studies have demonstrated that EVs from MSC (MSC-EVs)
shuttled important bioactive molecules between cells, and
influenced physiological or pathological process34,35. These EVs
exhibited various therapeutic actions on tissue regeneration and
inflammatory regulation36,37. Compared to MSC treatment, the
application of MSC-EVs takes several advantages such as higher
safety, lower immunogenicity and the capacity to cross biolog-
ical barriers38e40. These advantages have sparked intensive
research into developing MSC-EVs-based therapeutic regimen
for treating refractory diseases. Despite the success in MSC-EVs
treatment in preclinical studies, the cargo components in MSC-
EVs that mediate the communication between MSC and target
cells have not been clearly dissected. A comprehensive study
elucidated that NE was an effective anti-cancer factor which
killed cancer cells with minimal toxicity to non-cancer cells41.
Our results, for the first time, pointed out that NE promoted
AML cell differentiation by activating p38eSTAT3 signaling, an
important pathway that is involved in regulating hematopoietic
cell differentiation. This finding indicated that NE was a kind of
pleiotropic antitumor factor. Notably, we found that NE-
packaged MSC-EVs exerted comparable effects to MSC on
inducing AML cell differentiation and improving AML pro-
gression (Fig. 2), which suggested that NE-packed MSC-EVs
were essential in MSC-mediated AML cell differentiation.

Our in vitro data demonstrate that MSC incubating with AML
cells significantly up-regulated the VDR expression. This phe-
nomenon hinted that AML cells might secrete some unknown
bioactive factors to stimulate the VDR expression in MSC. Pre-
vious studies have shown that inflammatory cytokines, such as
IFN-g and TNF-a, secreted by leucocytes possessed the ability in
regulating VDR abundance and activity42,43. In our previous study,
we found AML cells from myelomonocytic and monocytic AML
patients expressed higher levels of IFN-g and TNF-a than that
from normal people. AML cells incubating with MSC signifi-
cantly enhanced the expressions of TNF-a and IFN-g18.
Accordingly, in this study, the VDR activation upon TNF-a or
IFN-g treatment was detected. TNF-a significantly enhanced the
VDR expression while IFN-g did not. Collectively, these findings
indicated that TNF-a secreted by AML cells is a functional acti-
vator to induce VDR expression in MSC.

It is noteworthy that we have obtained an intriguing achieve-
ment that VDR activation dramatically enhances the anti-AML
effects of MSC, revealing a novel function of VDR acting as an
upstream regulator of NE in MSC. To date, studies of VDR in
MSC have been restricted to its regulatory function in osteogenic
differentiation44. The role played by VDR in other biological
behaviors of MSC is largely unknown. We found, for the first
time, a specific role of VDR in MSC secretory function and linked
the EVs interaction to AML cell differentiation. In addition, VDR



Figure 6 Sw-22 combined with MSC synergistically played an anti-leukemia effect without hypercalcemia. (A, B) U937 cells were

cultured alone or cocultured with MSC in the presence or absence of different doses of sw-22 (2, 4, and 8 mmol/L) for 48 h, 1,25D3 (8 nmol/L)

was applied as positive control. The differentiation markers CD14 and CD11b (A) and phagocytosis (B) were measured by flow cytometry

(n Z 3). (C) Flow cytometry assessed the numbers of EVs existed in sw-22-treated MSC (n Z 3). (D) Western blotting for the expression of

NE in MSC treated by U937 cells combined with different doses of sw-22 (2, 4, and 8 mmol/L). Data are quantified below. (E) MSC & shcon

or MSC & shVDR were cultured alone or cocultured with U937 cells in the presence or absence of different doses of sw-22. The expression of

NE in MSC & shcon or MSC & shVDR was assessed by RT-qPCR (n Z 3). (F) U937 cells were treated with MSC & shcon or MSC & shVDR

in the presence or absence of sw-22 for 48 h. Flow cytometry analyzed the CD14 and CD11b expressions. (n Z 3) (G) Survival curves of

AML recipient mice treated with vehicle, sw-22, MSC, sw-22 plus MSC or cytarabine. Mice treated with the combination treatment showed

prolonged survival. (H, I) Flow cytometry analysis of the percentage of leukemic cells in PB (H) and BM (I) of vehicle, single agent-treated

and combination-treated mice after 25 days of transplantation (n Z 6 or 7 per group). (J) Histologic sections of spleen were stained with

hematoxylineeosin (HE). Scale bar Z 100 mm. (K) CD11bþCD14þ cells in primary human cells from AML-M5 patients after combination

stimulation. (L) CD11bþCD14þ cells in primary human cells from FAB M4 and M5 patients after single-agent or combination treatment

(n Z 9 or 10 per group). (M) Graphical illustration of the interaction between MSC and AML cells. All statistical data in this figure are

expressed as the mean � SEM. Data were analyzed by two-way ANOVA followed by Bonferroni’s test (E, F) or one-way ANOVA followed by

Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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has been demonstrated to be an important regulator in AML cells
of the induction of leukemic cell differentiation45. Therefore, the
coregulation of VDRs in MSC and AML cells using chemical
compounds is a promising strategy for promoting AML cell dif-
ferentiation. In fact, chemical modulation or reprogramming has
been shown to be an efficient and safe approach to control the
variability and functionality of stem cells, which avoids the po-
tential health risks of gene editing in humans46. In addition, the
quality control of small chemical molecules used for stem cell
modulation is far easier than that of conventional virus-mediated
gene delivery methods47. For example, the full chemical induc-
tion of induced pluripotent stem cells has been realized by uti-
lizing a cocktail of seven small molecules48. Similarly, kartogenin,
a small chemical molecule that targets the FLNAeCBFb inter-
action in MSC, induced MSC-chondrocyte differentiation at local
sites and stimulated the repair of damaged cartilage in osteoar-
thritis models49. Here, we successfully activated VDR in MSC via
a single chemical small molecule, 1,25D3, which further enhanced
the pro-differentiation capacity of MSC.

However, 1,25D3 is a secosteroid structure (natural structure)
VDR agonist, this traditional secosteroid structure also makes
1,25D3 have a strong affinity to vitamin D binding protein (DBP),
a major transport protein in serum for all vitamin D metabolites50.
The 1,25D3eDBP complex strongly activates the calcium
metabolism-related signaling pathway in the intestine and pro-
motes the absorption of calcium ions from diets, which leads to
the dramatical up-regulation of the concentration of blood calcium
(hypercalcemia)19. In clinic, 1,25D3 led to life-threatening hy-
percalcemia in 20%e30% of human patients; thus, its clinical
trials in the treatment of AML were interrupted51. To avoid the
adverse effects of VDR agonists in clinical regimens, novel
vitamin D receptor modulators were needed. Thus, the idea of
developing nonsteroidal VDR agonists was raised, and these
nonsteroidal analogues, such as LG190155, possessed low affinity
to DBP and did not induce hypercalcemia52,53. Based on the
structural backbone of LG190155, we designed a series of
nonsteroidal VDR agonists to further enhance the compound
stability and activity in our previous work. By screening the ac-
tivity, we picked out TOP 7 compounds to be used in the present
study and sw-22 exhibited the highest efficiency to enhance the
pro-differentiation effect of MSC. Notably, sw-22 did not induce a
significant increase in serum calcium in an animal model. These
findings identified sw-22 as a safe drug candidate for a combi-
national therapeutic strategy with MSC for treating AML.

In summary, our findings demonstrate that allogeneic UC-MSC
from healthy donors confer monocytic differentiation properties
on AML cells by functioning as a cellular therapeutic tool for
combating AML. Most importantly, our results reveal the critical
role of VDR activation in the expression of NE in MSC. This
interaction reinforces the release of EVs to enhance the pro-
differentiation effect of MSC on leukemia cells. Furthermore, by
using cell-based phenotypic screening, we identify a molecular
probe, 1,25D3, that activates the VDR-NE interaction. The results
not only suggest a novel function of 1,25D3 in the chemical
modulation of MSC, but also reveal that VDR is an upstream
regulator that controls the generation and release of NE-loaded
EVs. Based on these discoveries, we also have identified sw-22, a
novel nonsteroidal VDR modulator, as a promising activator of the
VDR-NE interaction that has a strong impact on MSC-triggered
AML cell differentiation but does not increase the level of serum
calcium. Collectively, our findings provide a potential efficient
pro-differentiation therapeutic avenue that can reduce the AML
burden without hypercalcemia induction by the use of MSC
reprogrammed by sw-22.
5. Conclusions

We established a novel stem cell-based regimen to AML differ-
entiation therapy. By using the chemical activation of VDR in
MSC, we successfully engineered MSC as the biogenerator for the
production of EVs that can deliver a broad anti-tumor factordNE
to AML cells and promote leukemic cell differentiation. Our
findings not only identified the novel function of VDR in MSC,
but also provided a convenient approach to endow MSC to be a
powerful living drug for AML therapy. In addition, by screening
functional small molecules, we also provided an alternative VDR
agonist for the chemical modulation of MSCs, which could avoid
the potential side effect of 1,25D3 (natural VDR full agonist) in
clinical use. Notably, compared to the gene editing strategy
commonly used in stem cell programming, this stem cell-based
regimen has no effect on genome stability, thus the quality and
security control of this approach is far easier than that of con-
ventional virus-mediated gene delivery methods. Collectively, our
findings provide an efficient and safe pro-differentiation thera-
peutic tactic that ameliorated AML burden and offer the possi-
bility of developing a non-gene editing MSC-based anti-AML
therapy.
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