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A B S T R A C T   

Currently, the standard therapeutic approach of AML consists of chemotherapy and allogeneic hematopoietic 
stem cell transplantation (HSCT). However, these strategies are usually associated with adverse side effects and 
high risk of relapse following HSCT. Thus, it is imperative to find an alternative way against AML progression. 
Here, we showed that treatment with umbilical cord-derived mesenchymal stem cells (UC-MSCs) could effi
ciently induce apoptosis in both primary AML patient-derived leukemic cells and AML cell lines. Mechanistically, 
tumor necrosis factor-α-related apoptosis-inducing ligand (TRAIL) in UC-MSCs mediated the proapoptotic effect 
in AML cells. Besides, indoleamine 2,3-dioxygenase (IDO) secreted by UC-MSCs blocked the cell cycle pro
gression and inhibited the proliferation of AML cells. Importantly, we found that incubation of UC-MSCs with 
IFN-γ and TNF-α could upregulate the expression of TRAIL and IDO, resulting in an intensive pro-apoptotic ef
ficacy. UC-MSCs pre-treatment could not only relieve the AML burden but also eliminate AML cells in a xenograft 
AML model. Our findings have shed light on an effective pre-activated approach to aggravating the anti-leukemia 
effect of MSC. Furthermore, a novel and safe stem cell-based therapy approach for AML treatment.   

1. Introduction 

Acute myeloid leukemia (AML) is a blood malignancy characterized 
by the accumulation of a large number of uncontrolled myeloid imma
ture cells in peripheral blood and bone marrow [1,2]. The accumulation 
of these immature hematopoietic precursor cells can impair the normal 
hematopoietic function and lead to bone marrow hyperplasia, hep
atosplenomegaly, fever, anemia, liver and kidney failure [3-5]. The only 
curative therapeutic approach for AML is allogeneic stem cell trans
plantation (HSCT) combined with high-dosage chemotherapy [6,7], 
whereas the intensive chemotherapy often produces adverse effects and 
HSCT is not suitable for specific patients [8,9]. Relapse following the 
conventional treatment is the major challenge and is correlated with 
poor prognosis [10-12]. Currently, although CD19-targeted chimeric 
antigen receptor (CAR)-T cell therapies have achieved remarkable 
clinical success in B-lymphoid malignancies, CAR-T therapies for AML 

have failed in clinical trials due to tedious manufacturing strategies and 
the absence of a dispensable antigen, resulting in intolerable myeloa
blation [13-15]. Therefore, there is an urgent need to develop novel 
therapeutic approaches for AML treatment. 

Mesenchymal stem cells (MSCs) are a kind of multipotent cells, 
which are widely distributed in the umbilical cord, fat, bone marrow and 
other tissues. Studies have demonstrated a tumoricidal effect of MSCs on 
tumor growth by secreting cytokines, exosomes or miRNAs [16,17]. In 
addition, MSCs can also migrate to tumor areas and subsequently induce 
cell cycle arrest or apoptosis in tumor cells. For instance, Qiao et al. 
reported that human MSCs inhibited breast cancer cell proliferation 
through the Wnt pathway [18]. Lee et al. reported that human bone 
marrow MSCs incubated with TNF-α upregulated the expression of 
tumor necrosis factor-α-related apoptosis-inducing ligand (TRAIL) and 
induced apoptosis of breast cancer cells in an MDA-MB-231 xenograft 
mice model [19]. Till now, MSC-based cell therapy has been widely used 
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to treat various malignant diseases. Many clinical trials for treatment of 
hematologic malignancies using MSCs are registered at https://www. 
clinicaltrials.gov, including AML (NCT02181478, NCT03096782). 
MSCs have been shown to suppress lymphoma and leukemia cell pro
liferation in vitro [20]. Zhu and colleagues reported that MSCs inhibited 
growth of chronic myeloid leukemia by secreting Dickkopf related 
protein 1 (DKK-1) [21]. Only a few reports have indicated that MSCs can 
promote apoptosis of hematologic malignant cells [22]. However, the 
underlying anti-cancer mechanisms of MSCs in hematologic malig
nancies remain unclear. 

In current study, we demonstrated that umbilical cord derived MSCs 
(UC-MSCs) have tumor suppressive effects on AML cells. Mechanisti
cally, we found that UC-MSCs could upregulate TRAIL and promote AML 
apoptosis. Moreover, UC-MSCs restrained the cell cycle of AML cells at 
G0/G1 phase by secreting indoleamine 2,3-dioxygenase (IDO). Inter
estingly, our data showed that IFN-γ and TNF-α secreted by AML cells 
could activate UC-MSCs, leading to increased expression of TRAIL and 
IDO. Thus, pretreatment of UC-MSCs with IFN-γ and TNF-α inhibited cell 
cycle progression and promoted apoptosis in AML cells. In an AML 
xenograft model, primed UC-MSCs reduced the tumor burden in vivo and 
prolonged the survival of AML mice. Collectively, we have provided a 
novel MSC-based approach for the anti-AML treatment. 

2. Materials and methods 

2.1. Reagents and antibodies  

2.2. Cell culture 

Primary leukemia cells and umbilical cord mesenchymal stem cells 
(UC-MSCs) from healthy donors were obtained from Nanjing Drum 
Tower Hospital (Nanjing, China) after informed consent was obtained. 
U937 and THP-1 cells were obtained from China Center for Type Culture 
Collection (CCTCC, Wuhan, China) and were cultured in the RPMI 1640 
medium. All media were supplemented with 1% penicillin-streptomycin 
and 10% fetal bovine serum. The cells were kept in a humidified at
mosphere of 5% CO2 at 37 ◦C. 

2.3. Differentiation of UC-MSCs 

Adipogenic and osteogenic differentiation were induced in vitro, and 
UC-MSCs identification was carried out. To achieve adipogenic differ
entiation, we used two kinds of media. Firstly, UC-MSCs were cultured 
with 5 μM dexamethasone, 0.5 mM Isobutylmethylxanthine (IBMX), 
850 nM insulin, 1 nM Triiodothyronine (T3), 1 μM rosiglitazone and 
125 nM indomethacin in DMEM plus 10% FBS. The induction differ
entiation medium was replaced with the maintenance medium at 48 h, 
which included 850 nM insulin, 1 nM T3, 1 μM rosiglitazone. The culture 
medium was changed alternately until lipid droplets formed. After 8 
days, adipocytic differentiation was examined through oil red O stain
ing. Osteogenic MSC differentiation was performed with conditional 
medium containing 0.1 μM dexamethasone, 10 mM β-glycerophosphate 
disodium, and 10 μg/ml vitamin C. The medium was changed every 
other day. Two weeks later, UC-MSCs were stained with alizarin red to 
examine calcium deposition. 

2.4. Quantitative real-time PCR (RT-qPCR) 

Total RNA was extracted using TRIzol (Invitrogen). Reverse tran
scription was performed with a 5 × All-In-One RT Master Mix (Abcam) 
kit, and quantitative PCR reactions were performed using SYBR Green 
Master Mix (Vazyme biotech) kit. PCRs were performed in a total vol
ume of 20 μl. Data were collected and analyzed by CFX96 Real-Time 
System (Bio-Rad C1000 Touch Thermal Cycler Real-Time PCR 

System). The details of primers are listed as follows. 

2.5. Cell cycle, apoptosis and flow cytometry analysis 

To evaluate cell cycling, co-cultured U937 or THP-1 cells were fixed 
with 70% ethanol in PBS at − 20 ◦C overnight. Propidium iodide (Sigma) 
was used as a nucleic acid dye. The apoptotic cells were measured by 
Annexin V/PI according to manufacturer’s protocol (BD Biosciences). 
The cells were analyzed on BD FACSCalibur cytometer using CellQuest 
software (BD Biosciences). The data were analyzed using FlowJo soft
ware. The statistics presented are derived from at least 10,000 events 
from the gated population of interest. 

2.6. CRISPR-Cas9 knockout 

Cas9/TRAIL MSC were constructed with lentiCRISPR v2 (Addgene 
#52961) lentivirus containing Cas9, a puromycin resistance gene, and 
the following CRISPR sgRNA guide sequences: TRAIL (GCCACUUGA
CUUGCCAGCAG); HEK293T cells were seeded in cell culture dish and 
transfected with the plasmid mixture of the lentivirus vector, using 
Lipofectamine 2000 (Thermo Fisher Scientific), according to the man
ufacturer’s instruction. Supernatant containing the lentivirus was 
collected 48 and 72 h after transfection and filtered with 0.45 mm filters. 
Following the collection of the virus, DNA plasmids were transfected 
into UC-MSCs. After 48 h, infected cells were selected Blasticidin (10 
mg/ml). Single clonal cells were obtained by limiting dilution method. 

2.7. Western blotting 

The cells were extracted by cell lysis buffer purchased from Beyo
time, which contained 1 × protease inhibitors (MCE). The cell debris 
were removed by centrifugation at 4 ◦C, and the supernatants were 
collected and stored at − 80 ◦C until use. The total protein concentration 
of serum was determined by the Pierce BCA assay. The protein was 
electrophoresed on SDS-polyacrylamide gels and then electrotransferred 
onto a polyvinylidene fluoride membrane (Sigma). A quantity of 5% 
non-fat milk in TBST was used to block the membranes and then incu
bated with primary antibodies as indicated. HRP-conjugated anti-rab
bit/mouse IgG was used as secondary antibody. Chemiluminescence 
signal was developed with Thermo Scienfitic Super Signal West Femto 
Maximum Sensitivity Substrate and detected by Fluorescence & Chem
iluminescence Imaging System (Tanon). Densitometry with Image-pro 
plus software was used for quantifying the intensities of stained bands. 

2.8. Enzyme linked immunosorbent assay (ELISA) 

UC-MSCs were seeded at a density of 1 × 105 cells/mL in a 12-well 
plate cultured for 24 h before use. U937 and THP-1 cells were added 
to UC-MSCs for 1 or 2 days then the supernatants were collected. The 
levels of IFN-γ and TNF-α in the supernatants were detected by ELISA 
(PeproTech) following protocols suggested by the manufacturer. 

2.9. Cell counting kit 8 (CCK8) assay 

U937 and THP-1 cell suspensions of 100 μl at the concentration of 1 
× 105 cells/ml were inoculated in a 96-well plate and cocultured with 
UC-MSCs culture supernatant (control without UC-MSCs culture super
natant) for 24 or 48 h. Then, 10 μl of CCK8 solution was added to each 
well, followed by 2 h of incubation at 37 ◦C. The absorbance was 
measured at 450 nm, each group had three repeats, and the experiment 
was repeated three times. 

2.10. Determination of IDO enzyme activity 

Kynurenine levels were measured to determine IDO enzyme activity 
as previously described [23]. In brief, 100 μl of MSC supernatant was 
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supplemented with 25 μl of trichloroacetic acid 30% (vol/vol), vortexed, 
and incubated for 30 min at 50 ◦C to hydrolyze N-formylkynurenine to 
kynurenine. Then, after centrifugation for 10 min at 10,000g, 100 μl of 
supernatant was transferred into a 96-well flat-bottomed plate and 
mixed with an equal volume of 2% Ehrlich’s reagent (Sigma). Following 
10 min of incubation, absorbance was read at a 492 nm wavelength with 
a microplate reader. 

2.11. Immunofluorescence 

Immunofluorescence was performed as previously described [24]. 
The sections were blocked in phosphate-buffered saline (PBS) with 10% 
goat serum at room temperature for 1 h. After blocking, the sections 
were incubated with a primary antibody overnight at 4 ◦C. The sections 
were then briefly rinsed with PBS, washed 3 times for 5 min each time, 
and incubated with fluorescence-coupled secondary antibody for 4 h at 

room temperature. Nuclei staining was performed by incubating the 
cells with DAPI. The specimens were then observed at the appropriate 
fluorescence wavelength using a confocal microscope. Image analysis 
was done with Image-pro plus software. 

2.12. Mice 

Eight-week-old NOD-SCID mice were purchased from the Model 
Animal Research Center of the Nanjing University, Nanjing, China, and 
housed in our animal facilities under specific pathogen-free conditions. 
All mouse procedures and experiments for this study were approved by 
the Institutional Animal Care and Use Committee at Nanjing University 
(ICAUC-2007021). The average weight of the mice at the start of the 
experiment was 25 g. Vendor health reports indicated that the mice were 
free of known viral, bacterial, and parasitic pathogens. All animals were 
either treated (where possible) or humanely euthanized at any sign of 

(continued on next page) 
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illness or stress. 

2.13. Animal study 

All animals were assessed to be healthy and free of disease prior to 
U937 cells implantation. Mice were randomly divided into saline group, 
MSC group, Pre-act MSC group and cytarabine group (6 in each group). 
Each mouse was intravenously injected with U937 cells suspension in 
logarithmic growth phase by 1 × 107 cells/group. After 7 days, the mice 
accepted treatment with MSC, Pre-act MSC (1 × 106, 1 time/week), 
saline or cytarabine (10 mg/kg, 5 times/week) separately. At the days of 
21, mice were euthanized, leukemia cells in the peripheral blood and 
bone marrow were tested by FACS. The tissues of mice were collected 
and histological examination was performed. 

2.14. Hematoxylin and eosin (HE) staining 

Fixed paraffin-imbedded tissue slices from kidney, liver, spleen and 
lung were subjected to H&E staining and pathologic examination. After 
deparaffinization and rehydration, tissue sections were stained with 
hematoxylin solution for 5 min followed by 5 dips in 1% acid ethanol 
(1% HCl in 75% ethanol) and then rinsed in distilled water. Then the 
sections were stained with eosin solution for 3 min and followed by 
dehydration with graded alcohol and clearing in xylene. The mounted 
slides were then examined and photographed using a LEICA DM3000 
LED. 

2.15. Statistical analysis 

Data were expressed as mean ± standard error of mean (SEM). Sta
tistical analysis was performed by Student’s t-test when comparison was 
made between two independent groups. ANOVA followed by Tukey’s 

multiple comparison was used when three or more groups were 
involved. p < 0.05, p < 0.01, p < 0.001, and p < 0.0001 were considered 
statistically significant and marked by *, **, ***, or ****, respectively. 

3. Results 

3.1. UC-MSCs promote the apoptosis of AML cell 

Umbilical cord-derived MSCs (UC-MSCs, hereafter called MSC) were 
characterized by the attached well-spread fibroblastic morphology 
(Fig. 1A). Moreover, MSC were positive for CD73, CD90 and CD105 
expression, and were negative for CD14, CD34, CD45, as confirmed by 
flow cytometry analysis (Fig. 1B). In osteogenic or adipogenic induction 
media, MSC were differentiated into adipocytes, osteocytes, measured 
by Alizarin Red (Fig. 1C) or oil red O staining (Fig. 1D). 

To test the impact of MSC on prompting the apoptosis of leukemia 
cells, two AML cell lines (U937, THP-1 cells) were cultured in the 
presence or absence of MSC for 24 or 48 h, and apoptosis was evaluated 
by annexin V/PI double staining. Flow cytometry analysis showed that 
MSC induced a significant elevation in annexin V/PI dual positive 
fractions progressively, accompanied by increased early apoptotic cells 
(Fig. 2A-B), suggesting that MSC promoted apoptosis of AML cells. 

One hallmark of apoptosis is the high Bax/Bcl-2 ratio, which acts as a 
rheostat to determine the apoptotic susceptibility [25,26]. To verify that 
the cell death induced by MSC was owing to apoptosis, THP-1 cells were 
treated with MSC for 1–3 days, and the expression of Bax, Bcl-2 and 
PARP were quantified by western blot. The results showed that Bax 
expression was significantly increased, whereas Bcl-2 levels were not 
changed, leading to a higher Bax/Bcl-2 ratio (Fig. 2C). Moreover, the 
cleaved PARPs were also observed in MSC-treated THP-1 cells. The pro- 
PARP protein was gradually reduced, and the cleaved PARP was 
significantly increased (Fig. 2D). Consistently, the expressions of 

(continued ) 

L. Sun et al.                                                                                                                                                                                                                                      



Biochemical Pharmacology 199 (2022) 115007

6

apoptosis-related proteins were also time-dependent. However, the pro- 
apoptotic effect of MSCs was not observed in indirect co-culture (Fig. 2E- 
F). Taken together, these results suggested that MSC advanced the 
apoptosis of AML cells and this effect was dependent on cell-to-cell 
contact. 

3.2. TRAIL mediates MSC-induced apoptosis of AML cells 

Next, we sought to investigate the mechanism involved in MSC- 
induced apoptosis. As shown in Fig. 3A, THP-1 cells aggregated 
around MSC in the coculture, indicating that MSC could recruit AML 
cells to its surroundings. Recent studies have shown that MSC secreted 
chemokines, such as MCP-1, CCR2 and CXCL14, to recruit lymphocytes 
and endothelial cells to repair injuries and support wound healing [27- 
29]. Thus, we speculated that these chemokines were involved in the 
interaction between MSC and AML cells, and then examined the ex
pressions of these chemokines and their corresponding receptors in MSC 
and THP-1 cells. The results revealed that compared with untreated 
cells, the expressions of chemokine MCP-1, CCL5 and chemokine re
ceptors CCR2, CCR3 and CXCR4 were significantly increased in MSC 
(Fig. 3C). Meanwhile, the expressions of MCP-1, CCL5 and CCR3 were 

significantly increased in THP-1 cells (Fig. 3B). These data suggested 
that the interactions between MCP-1/CCR2 and CCL5/CCR3 might 
contribute to the in vivo mechanism of MSC action. Since physical con
tact was required for the pro-apoptotic effect of MSC, it is possible that 
the apoptosis-inducing ligands and their corresponding receptors 
expressed on the cell surface might participate in MSC-induced cell 
apoptosis. To verify this hypothesis, we employed RT-qPCR to determine 
the expressions of apoptosis-inducing ligands in tumor necrosis factor 
family and their receptors in MSC and THP-1 cells. As illustrated in 
Fig. 3D-E, the expression of tumor necrosis factor related apoptosis- 
inducing ligand (TRAIL) mRNA was dramatically elevated in MSC, 
accompanied by increased production of TRAIL receptor (APO2) in THP- 
1 cells. Consistently, western blotting showed increased TRAIL expres
sion in MSC when incubated with U937 cells (Fig. 3F) and THP-1 cells 
(Fig. 3G). 

To evaluate the role of TRAIL in controlling the viability of AML 
cells, antibody neutralization experiment was performed. We found that 
treatment with TRAIL neutralizing antibodies substantially diminished 
the apoptosis in U937 and THP-1 cells (Fig. 3H), implying that MSC 
promoted AML cell apoptosis via TRAIL. To further confirm the 
involvement of TRAIL in MSC-induced apoptosis in AML cells, CRISPR/ 

Fig. 1. The characteristics of umbilical cord derived from mesenchymal stem cell. (A) The morphology of UC-MSCs was observed by inverted microscopy. UC- 
MSCs with a fibroblast-like appearance with extensions in opposite directions from a small cell body (20×). (B) Flow cytometry analysis of cell surface markers on 
UC-MSCs. Positive markers were CD73, CD90, and CD105; cells were negative for CD14, CD34 and CD45. The red curves indicate the corresponding negative IgG 
isotype control antibodies. (C) Representative alizarine red S staining photomicrographs of UC-MSCs treated by the osteogenic differentiation medium. (D) 
Representative Oil Red staining photomicrographs of MSC treated by the adipogenic differentiation medium. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. MSC promote the apoptosis of acute myeloid leukemia cells. (A) Flow cytometry for U937 cells with or without UC-MSCs co-culture at 24 or 48 h (left). 
The apoptotic fractions were quantified on the right. (B) Flow cytometry for THP-1 cells with or without UC-MSCs co-culture at 24 or 48 h (left). The apoptotic 
fractions were quantified on the right. (C) Western blotting for Bax, Bcl-2 in THP-1 cells with or without UC-MSCs co-culture, the Bax to Bcl-2 ratio was determined 
on the right panel. (D) Western blotting for the expression of Pro-PARP and cleaved-PARP in THP-1 cells with or without UC-MSCs co-culture. Data were quantified 
on the right. (E-F) U937 (E) and THP-1 cells (F) were cultured alone or co-cultured in transwells with UC-MSCs for 24 or 48 h. The Annexin V/PI expression in AML 
cells was analyzed by flow cytometry. The apoptotic fractions of U937 and THP-1 cells were quantified on the right. Data are represented as the mean ± S.E.M. (n =
3; * p < 0.05; ** p < 0.01). 
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Fig. 3. Identification of TRAIL as the key effector in MSC-induced AML apoptosis. MSC were co-cultured with U937 or THP-1 cells for 24 or 48 h. (A) 
Representative optical microscope image; (B-C) The relative expression of the chemokines and chemokine receptors in THP-1 (B) and MSC (C) was assessed by RT- 
qPCR. (D) The relative gene expression of the chemokines and chemokine receptors Fas-L, TRAIL, Fas, APO3L, APO2 and APO3 in UC-MSCs with or without THP-1 
co-culture was assessed by RT-qPCR. (E) The relative expression of the chemokines and chemokine receptors Fas-L, TRAIL, Fas, and APO2 in THP-1 with or without 
UC-MSCs coculture was assessed by RT-qPCR. (F-G) Western blotting for TRAIL in the MSC after incubating with U937 (F) and THP-1 cells (G) for 1 or 2 days. (H) 
Apoptosis of U937 (top) and THP-1 cells (bottom) was measured by flow cytometry. U937 and THP-1 cells were cultured alone or co-cultured with UC-MSCs in the 
presence or absence of a TRAIL blocking antibody for 48 h. The apoptotic percentages were quantified on the right. (I) U937 (top) and THP-1 cells (bottom) were 
cultured alone or co-cultured with TRAIL-knockout UC-MSCs for 48 h. The apoptotic percentages of U937 and THP-1 cells were analyzed by flow cytometry. Data are 
represented as the mean ± S.E.M. Statistical significance was determined by one-way ANOVA. **: p < 0.01, ***: p < 0.001 for triplicate experiments. 
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Fig. 4. UC-MSCs induce the G0/G1 cell cycle arrest in U937 and THP-1 cells. (A-B) After 1- or 2-days’ incubation with UC-MSCs, the viability of U937 (A) and 
THP-1 (B) cells were detected by CCK8 assays. (C-D) MSC induce alterations of the cell cycle. U937 (C) and THP-1 (D) cells were treated with MSC for 1 or 2 days, and 
the cells were stained with propidium iodide and analyzed by flow cytometry. Results are representatives of three independent experiments. (E-F) Western blotting 
for the expression of cyclin D1, p21 in U937 (E) and THP-1 (F) cells upon the co-culture with or without MSC for 1 or 2 days. (G-H) Relative transcript expressions of 
cyclin D1 and p21 were decreased in U937 (G) and THP-1 (H) cells; the results were detected by RT-qPCR. Data are represented as the mean ± S.E.M. Statistical 
significance was determined by one-way ANOVA. **: p < 0.01, ***: p < 0.001 for triplicate experiments. 
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Cas9 was applied to generate TRAIL knockout MSC (MSC/Cas9-TRAIL). 
The flow cytometry data indicated that treatment with MSC/Cas9- 
TRAIL reduced apoptotic U937 cells from 20.7% to 10.9%, and 
reduced the apoptosis in THP-1 cells from 28.3 to 16.15% (Fig. 3I). 
Collectively, these data suggested that TRAIL is required for MSC- 
mediated AML cell apoptosis. 

3.3. UC-MSCs inhibit AML cell proliferation and induce cell cycle arrest 

Although there was no significant difference in apoptosis of AML 
cells in transwell co-culture system, a significant decrease in the cellular 
viability of in U937 and THP-1 cells was observed (Fig. 4A-B). Moreover, 
MSC treatment upregulated the G1 proportion of U937 and THP-1 cells 
(Fig. 4C-D), suggesting that MSC might induce cell cycle arrest through 

Fig. 5. IDO mediates the cell cycle arrest induced by UC-MSCs. (A-B) Relative gene expression of TGF-β, HGF, IL-10 and IDO were detected by RT-qPCR. (C-D) 
Kynurenine concentration in the conditioned medium of MSC treated with U937 (C) and THP-1 cells (D) was measured to detect the enzymatic activity of IDO. (E) 
The MSC-mediated cell cycle arrest in U937 cells were reversed by NLG919. Data are represented as the mean ± S.E.M. Statistical significance was determined by 
one-way ANOVA. **: p < 0.01, ***: p < 0.001 for triplicate experiments. 
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regulating G1-S checkpoint. U937 and THP-1 cells were incubated with 
MSC for 1 or 2 days, and the expression of G1/S checkpoint associated 
Cyclin D1 and Cyclin dependent kinase inhibitor p21 in U937 and THP-1 
cells was examined. We found decreased Cyclin D1 and increased p21 
expression in MSC-treated U937 and THP-1 cells (Fig. 4E-F). The Cyclin 
D1 and p21 transcripts were also downregulated or upregulated, 
respectively (Fig. 4G-H). Taken together, these results showed that MSC 
inhibited the viability and blocked the cell cycle progression of AML 
cells. 

3.4. IDO from MSC blocks the cell cycle progression in AML cells 

Many cytokines have been shown to be involved in MSC-mediated 
cell cycle arrest, such as TGF-β, hepatocyte growth factor (HGF) and 
indoleamine 2,3-dioxygenase (IDO) [30,31]. We then examined the 
expression of these soluble proteins in MSC in the absence or presence of 
U937 and THP-1 cells. Notably, we found that IDO showed the highest 
fold expression in presence of AML cells (Fig. 5A-B). Kynurenine, the 
metabolic product of tryptophan by IDO [32], was significantly upre
gulated in the supernatant from the co-incubated MSC (Fig. 5C-D), 
indicating that MSC were activated by AML cells and could induce 

massive IDO expression. To investigate the role of IDO in MSC-induced 
cell cycle inhibition, U937 and THP-1 cells were treated by MSC in the 
presence of NLG919, a potent IDO pathway inhibitor [33], the cell cycle 
distribution was then analyzed. The results showed that NLG919 
significantly decreased the G1 fraction (Fig. 5E), indicating that the cell 
cycle arrest of AML cells induced by MSC was restored by blocking IDO 
activity. Collectively, these data showed that IDO is required for MSC- 
mediated cell cycle arrest. 

3.5. TNF-α and IFN-γ priming strengthens the pro-apoptotic activity of 
MSC 

Several previous studies have suggested that pro-inflammatory cy
tokines, such as IFN-γ and TNF-α can induce IDO and TRAIL expression 
in MSC. Therefore, we first measured the expression of IFN-γ and TNF-α 
from human AML samples. We extracted data from The Cancer Genome 
Atlas (TCGA) and found that high expression of IFN-γ and TNF-α was 
found in AML cells compared with healthy cells (Fig. 6A). To further 
confirm IFN-γ and TNF-α secretion by AML cells in co-culture, U937 and 
THP-1 cells were incubated with MSC for 1 or 2 days and then separately 
cultured for 2 days. RT-qPCR and ELISA were performed to compare 

Fig. 6. MSC induce U937 and THP-1 cells to express inflammatory factors TNF-α and IFN-γ. (A) Differential expression analysis of RNA-seq data from AML 
patients and normal samples. A plot showing TNF-α (left) and IFN-γ (right) gene expression in 70 Normal samples (blue) as compared to 173 samples of AML patients 
(red) from the Genotype-Tissue Expression (GTEx) project and The Cancer Genome Atlas (TCGA). (B) Secreted IFN-γ and TNF-α from U937 cells following UC-MSCs 
treatment were measured by ELISA. (C-D) Relative gene expressions of IFN-γ and TNF-α in U937 (C) and THP-1 (D) cells with or without UC-MSCs co-culture. (E-F) 
Relative gene expressions of IFN-γ and TNF-α in UC-MSCs with or without U937 (E) or THP-1 cells (F) stimulation. The results were detected by RT-qPCR. Data are 
represented as the mean ± S.E.M. Statistical significance was determined by one-way ANOVA. **: p < 0.01, ***: p < 0.001 for triplicate experiments. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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IFN-γ and TNF-α expressions in U937 cells and MSC. The expression of 
IFN-γ and TNF-α was significantly elevated in U937 and THP-1 cells 
when they were co-cultured with MSC (Fig. 6B-D), whereas no signifi
cant changes in IFN-γ and TNF-α expression were found in MSC with or 
without U937/THP-1 co-culture (Fig. 6E-F), indicating that IFN-γ and 
TNF-α were secreted by AML cells. 

To confirm whether IFN-γ and TNF-α can induce MSC activation, 
MSC were treated with IFN-γ (50 ng/ml) or TNF-α (20 ng/ml) alone or in 
combination. As shown in Fig 7A, a massive amount of IDO expression 
was observed in MSC following IFN-γ and TNF-α priming. Consistently, 
kynurenine level was also elevated when MSC were co-treated with IFN- 
γ and TNF-α (Fig. 7B). Furthermore, IFN-γ and TNF-α pre-treated MSC 
(Pre-act MSC) also reduced cell proliferation, resulting in the accumu
lation of AML cells in the G0/G1 phase (Fig. 7C-D). These data suggested 
that IFN-γ and TNF-α secreted by AML cells can induce IDO expression 
from MSC and strengthen the inhibitory effect on AML cell cycle 
progression. 

We speculated that combinatorial treatment of TNF-α and IFN-γ may 
augment the pro-apoptotic effect of MSC on AML cells by increasing 
TRAIL expression. To test this hypothesis, the expression of TRAIL in 
MSC following IFN-γ and TNF-α stimulation (Pre-act MSC) was first 
measured. We found that combined administration of IFN-γ and TNF-α 
remarkably stimulated the expression of TRAIL (Fig. 7E). In addition, 
increased expression of TRAIL was observed in Pre-act MSC (Fig. 7F). 
Subsequently, we assessed the effect of Pre-act MSC on AML cell 
apoptosis. Flow cytometry analysis revealed a significantly increase in 
apoptotic fractions of U937 and THP-1 cells with Pre-act MSC treatment 
(Fig. 7G). Consistently, the activation of caspase-3, -8 and caspase-9 
were also observed in MSC/Pre-MSC-treated THP-1 cells. The cleaved 
caspase-3, -8 and cleaved caspase-9 were significantly increased 
(Fig. 7H), suggesting that MSC induced AML cell apoptosis through 
activating caspase pathways in AML cells. It is reported that the strong 
paracrine capacity of MSC is the main mechanism of immunomodula
tory and anti-tumor functions of MSC. To investigate whether there are 
other molecules secreted by MSC contribute to the pro-apoptosis effect 
of MSC on AML cells, we compared the differential expressed genes 
(DEGs) rigidly and clustered the apoptosis-related proteins between 
bone marrow-derived MSC (BMMSC) and BMMSC stimulated with TNF- 
α and IFN-γ (GSE142816), and screened the anti-tumor proteins secreted 
by MSC[34,35]. As a result, a total of 20 proteins (including TRAIL and 
IDO) were considered to induce AML apoptosis probably. Then, quan
titative RT-PCR (qRT-PCR) was used to evaluated the expression of these 
protein. Among these candidates, IDO and TRAIL exhibited the highest 
induction levels (>27000-fold and 1200-fold) of gene expression, indi
cating that IDO and TRAIL play the key role of MSC-mediated AML cell 
apoptosis (Fig. 7I). Taken together, these results suggested that IFN-γ 
and TNF-α may enhance the expression of IDO and TRAIL and amplify 
the proapoptotic activity in MSC. 

3.6. Pretreated MSC attenuates leukemia cell burden and prolongs the 
survival of AML mice 

To determine the anti-leukemia function of pretreated MSC, AML 
mice were treated with MSC or Pre-act MSC and cytarabine was used as a 
positive control (Fig. 8A). Twenty-one days post injection, mice in MSC 

and Pre-act MSC treated groups showed improved survival. The median 
survival was 22 days in MSC-treated group, 30 days in Pre-act MSC- 
treated group, 23 days in cytarabine-treated group and 19 days in the 
saline-treated group (Fig. 8B). In addition, treatment with MSC, pre-act 
MSC or cytarabine substantially reduced the leukemia burden in both 
peripheral blood (PB) and bone marrow (BM) compared to that in saline- 
treated mice (Fig. 8C-D). Notably, the leukemia burden of the Pre-act 
MSC-treated mice decreased to 9% in PB and 1% in BM. Furthermore, 
a significant attenuation of splenic infiltration was shown in Pre-act 
MSC-treated mice (Fig. 8E). A remarkable recession of hep
atosplenomegaly could also be observed in Pre-act MSC-treated mice 
compared with those in saline-treated mice (Fig. 8F-G). These findings 
suggested that MSC treatment indeed showed an anti-leukemia function 
in the mouse AML model and provided in vivo evidence that adminis
tration of IFN-γ and TNF-α in pretreated MSC could increase the thera
peutic efficacy in AML. 

3.7. Pre-act MSC induce apoptosis of cells from patients with 
myelomonocytic and monocytic AML 

Then we collected peripheral blood samples from 13 myelomono
cytic and monocytic AML patients and measured apoptosis in AML cells 
after 48 h incubation with MSC. As shown in Fig. 9A and 9B, MSC 
significantly induced apoptosis of AML cells from 5 patients (AML#1, 
#3, #4, #5, #12), meanwhile incubation of AML primary cells with Pre- 
act MSC also resulted in increased apoptosis (seven out of 13), demon
strating the efficacy of MSC in AML patients. In summary, our data 
suggested an efficient pretreatment method to increase the pro- 
apoptotic ability of MSC and provided a promising alternative therapy 
for AML. 

3.8. MSC do not cause cytotoxic and acute toxic effect 

To evaluate the potential toxicity of MSC, peripheral blood mono
nuclear cells (PBMCs) from healthy donors were cultured in the presence 
or absence of MSC/Pre-act MSC for 6, 12, 24 or 48 h, and apoptosis was 
evaluated by annexin V/PI double staining. Flow cytometry analysis 
showed that MSC not only did not induce apoptosis of PBMCs, but also 
improved PBMCs survival surprisingly (Fig. 10A). Moreover, the acute 
toxicity of MSC was monitored in adult male C57BL/6 mice after a single 
intravenous injection. The control group was given 100 μl of physio
logical saline per animal, and the treatment group received the same 
volume of a suspension containing MSC (108 kg− 1). The animals were 
euthanized 7 days after the administration. Normal hematological pa
rameters and blood biochemical indexes were detected and no statistical 
significance was observed in MSC-treated group in comparison with the 
control group (Fig. 10B). Moreover, the histopathological analysis of the 
heart, lung, liver, spleen, kidney revealed that MSC administration did 
not induce clear pathological alterations (Fig. 10C). These parameters 
suggested that MSC administration showed no MSC-related toxicity, 
consistent with other investigations which highlighted that MSC therapy 
was safe and well tolerated [36,37]. Taken together, there is no evidence 
of a link between MSC and acute infusional toxicity, organ system 
complications, infection or death. 

Fig. 7. TNF-α and IFN-γ enhances the anti-leukemia activity of UC-MSCs. (A) Relative gene expression of IDO in MSC in the presence of TNF-α or IFN-γ alone or 
in combination. (B) The enzymatic activity of IDO was detected by measuring the Kynurenine concentration of MSCs conditioned medium. (C-D) The percentage of 
U937 (C) and THP-1 (D) cells in G0/G1, S, G2/M phase was assayed by FACS after incubating with MSC or Pre-act MSC. (E) Western blot for TRAIL in UC-MSCs in the 
presence of TNF-α and/or IFN-γ. (F) MSC were treated with TNF-α and/or IFN-γ for 24 h. The expression of TRAIL was analyzed by immunofluorescence microscopy. 
TRAIL was labeled with anti-TRAIL (red). Nuclei were labeled with DAPI (blue). Scale bars, 100 μm. (G) The apoptosis of U937 (upper) and THP-1 cells (lower) were 
measured by flow cytometry, the graphic shows the apoptotic percentages of U937 and THP-1 cells. (H) THP-1 cells were treated with MSC or Pre-act MSC for 48 h. 
Lysates were subjected to immunoblotting for the detection of caspase-3, -8, -9 in THP-1 cells. (I) The mRNA levels of the differentially expressed proteins were 
measured by quantitative real-time PCR. Data are represented as the mean ± S.E.M. Statistical significance was determined by one-way ANOVA. *p < 0.05, **p <
0.01, or ***p < 0.001 for 3 independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 8. Pretreatment with UC-MSCs prolonged survival and attenuated leukemic cells burden in an AML mouse model. (A) Schematic of the experimental 
design used for (B-E). (B) Survival curves of AML recipients treated with MSC, Pre-act MSC, cytarabine or vehicle until sacrificed. (C) Leukemic cells in peripheral 
blood of vehicle, MSC, Pre-act MSC and cytarabine treated mice during AML progression after 30 days of transplantation (n = 5), the percentages of hCD45-positive 
cells in peripheral blood were quantified on the right. (D) Leukemic cells in peripheral blood of vehicle, MSC, Pre-act MSC or cytarabine treated mice during AML 
progression after 30 days of transplantation (n = 5), the percentages of CD45-positive cells in in bone marrow were shown on the right. (E) Representative histo
logical images (H&E staining) of hepatic, splenic and pulmonic infiltration from AML mice. (F) Visceral organs (liver, spleen, kidney, heart and lung) isolated from 
AML mice treated with MSC, Pre-act MSC or cytarabine. (G) The ratio of organ to body weight of mice as described in (F). All statistical data in this figure are 
presented as mean ± SEM. One-way ANOVA and Tukey’s multiple comparisons test are shown. ns. Nonsignificant p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001. 
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4. Discussion 

Despite increased understanding of AML pathogenesis, conventional 
treatment has not changed significantly in the past decades. Allogeneic 
HSCT following cytotoxic chemotherapy is commonly applied to treat 
AML patients. However, adverse effects often occur in AML patients after 
chemotherapy, and relapse has become a major obstacle following HSCT. 
Approximately 40% of post-HSCT AML patients will relapse[11,38]. 
Following the success of CAR-T cell therapy in ALL and B-cell lymphoma, 
substantial efforts have been done to translate this approach for AML 
treatment. Unlike B cell malignancies with extensive expression of anti
gens such as CD19, CD20, CD22, or BCMA [39], most targeted tumor 
antigens in myeloid malignancies are shared with healthy myeloid cells 
including HSPCs, resulting in prolonged myeloablation following CAR-T 
[40,41]. Furthermore, the clinical outcome of AML patients remains 
suboptimal, prompting a need for alternative therapeutic approaches. In 
this study, we demonstrated that UC-MSCs induced TRAIL-mediated 
apoptosis and arrest the cell cycle progression in AML cells by secreting 
IDO. Moreover, incubation with IFN-γ and TNF-α further inspired MSCs to 
produce more TRAIL and IDO, and pre-activated MSCs enhanced 
apoptosis in primary AML cells and reduced the tumor load in a xenograft 
mouse model. The anti-leukemic activity of the pre-activated MSCs may 
provide a promising alternative for AML treatment. 

MSCs are broadly used for therapeutic purposes to treat malignant 
diseases. Over 1300 MSCs clinical trials have been registered on 
ClinicalTrials.gov. Application of MSCs depends on its “tumor-homing” 
and immunomodulatory properties. Compared to bone marrow-derived 
MSCs (BM-MSCs) and adipose-derived MSCs, UC-MSCs present many 
advantages. First, the collection of UC-MSCs is non-invasive and harm
less, with minimal ethical issues, whereas adult tissue-derived MSCs 
require invasive procedures with pain and potential infections. Second, 
UC-MSCs display a higher proliferation capacity and genetic stability, as 
no remarkable alterations are observed in a long-term culture in vitro 
[42,43]. Importantly, increasing evidence has shown that UC-MSCs can 
play an anti-tumor function by inhibiting the proliferation or inducing 
the apoptosis of tumor cells with neglectable side effects reporting 
[36,44–46]. Similarly, our results have manifested that UC-MSCs can 
induce apoptosis in both primary AML cells and AML cell lines by 
upregulating TRAIL expression. In addition, we have also found that IDO 
secreted by UC-MSCs can arrest the cell cycle at the G0/G1 phase in AML 
cells, with increased expression of cyclin D1 and decreased expression of 
p21. These data imply that UC-MSCs have the potential to restrain AML 
progression. 

It has been shown that IFN-γ and TNF-α have synergistic anti-tumor 
effects by augmenting TRAIL-induced apoptosis in cancer cells [47-49]. 
In current work, we noted high expression of IFN-γ and TNF-α in 

Fig. 9. Pre-act MSCs induce apoptosis of primary AML cells. (A) Primary AML cells were cultured with Pre-act MSCs for 24 or 48 h. Apoptosis in primary AML 
cells was assessed by annexin V/PI binding and analyzed by flow cytometry. (B) Apoptotic primary human cells from AML patients after MSCs or Pre-act 
MSC incubation. 
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myelomonocytic and monocytic AML patients, consistent with ELISA 
data that AML cells secreted IFN-γ and TNF-α to further enhance the 
production in the presence of UC-MSCs. Since pre-conditioning MSCs 
with IFN-γ and TNF-α showed immunosuppressive function in type 2 
diabetes [50], multiple pre-activated regents have been investigated. 
Each cytokine can convert MSCs into a distinct functional state 
depending on the dose and duration [51-53]. Thus, we sought to 
determine whether pre-treatment of TNF-α (50 ng/ml) and IFN-γ (20 
ng/ml) may augment the pro-apoptotic effect of MSCs. Here, we 
demonstrated that pre-treatment with TNF-α and IFN-γ in UC-MSCs 
upregulated the expression of TRAIL and strengthened the 

proapoptotic activities in AML cells. TRAIL has been considered as a 
promising anti-cancer agent, owing to its ability to induce apoptosis in 
tumor cells but not normal cells [54-56]. Moreover, we demonstrated 
that IDO expressed by UC-MSCs blocked cell-cycle progression in AML 
cells. In the co-culture system, we observed decreased cyclin D1 and 
increased p21 expression which correlated with enhanced cell cycle 
arrest. The anti-proliferative effect is attenuated by inhibiting IDO 
production, suggesting that IDO expression by UC-MSCs may induce 
cell-cycle arrest in AML cells. Not surprisingly, pre-treatment of UC- 
MSCs reinforced cell cycle arrest through upregulating IDO expression. 

Contributing to the inherent tropism capacity of MSCs to migrate 

Fig. 10. Evaluation of acute toxicity and cytotoxicity Effect of MSC. (A) PBMC were cultured with MSC or Pre-act MSCs for the indicated periods of time. 
Apoptosis in PBMC was assessed by annexin V/PI binding and analyzed by flow cytometry. (B-C) Effects of MSC treatment on blood biochemical indexes (B) and 
hematological parameters (C). ALT: alanine transaminase. AST: aspartate aminotransferase. BUN: urea nitrogen. Crea: creatinine. T-BIL: total bilirubin. Tp: total 
serum protein. WBC: white blood cell. RBC: red blood cell. MCV: mean corpuscular volume. MCHC: mean corpuscular hemoglobin concentration. (D) Representative 
histopathological analysis of heart, liver, spleen, lung and kidney from mice after treatment with MSC or Saline for 7 days. Magnification 10× and scale bar = 100 
μm. N = 4–5 per group. All statistical data in this figure are presented as mean ± SEM. One-way ANOVA and Tukey’s multiple comparisons test are shown. ns. 
Nonsignificant p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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toward lesion sites, MSCs are considered as an appropriate 
cytotherapeutic-based vehicle which can deliver cytokines, cytotoxic 
agents, prodrug-converting enzymes, immunostimulatory and anti
angiogenic molecular to tumor sites[57-59]. MSCs have been employed 
in several preclinical cancer models, which utilized their intrinsic anti
tumor properties or as a delivery vehicle [60-62]. For instance, geneti
cally engineered IL-2-expressing MSCs could induce ovarian cancer cells 
apoptosis [63].Yu et al. showed that MSCs engineered to express a 
secreted form of TRAIL in combination with the low doses of 5-fluoro
uracil executed a synergistic pro-apoptotic effect in the colon cancer 
model[64]. These studies indicate that MSCs are the valuable anti- 
cancer vector that possesses the potential to be used to treat a number 
of different cancer types[65]. In our study, MSCs could deliver IDO and 
TRAIL to AML cells to promote cell apoptosis. Furthermore, pretreat
ment of MSCs amplifies the MSC-mediated pro-apoptotic effect by 
increasing delivery capacity to AML cells. Taken together, our findings 
demonstrated that MSC application as delivery vehicles hold great 
promise for the treatment of AML and the other cancers. 

In summary, our data have demonstrated that UC-MSCs can promote 
apoptosis in AML cells implying that UC-MSCs may function as a ther
apeutic agent for treating AML. Importantly, IFN-γ and TNF-α pre
treatment can induce the production of TRAIL and IDO in UC-MSCs. The 
effects of pre-treatment are durable, since AML cells can also secrete 
high levels of IFN-γ and TNF-α. Furthermore, MSCs pre-treatment with 
cytokines such as IFN-γ and TNF-α can lower the risk of genetic muta
tions by random transfection with the TRAIL and IDO genes. Collec
tively, our findings provide an efficient therapeutic strategy that 
ameliorated the AML burden by treatment with pre-activated UC-MSCs. 
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