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Key Points: 33 
Key Point 1: Intra-BM transfusion of MSCs restores the BM microenvironment, improves 34 

thrombopoiesis, and suppresses MDS/MPN initiated by Nras mutation. 35 

Key Point 2: Donor MSCs reprogram macrophages to restore the BM microenvironment, improve 36 

thrombopoiesis, and suppress leukemia.  37 
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Abstract 38 

Bone marrow (BM) mesenchymal stem cells (MSCs) are critical components of the BM 39 

microenvironment and play an essential role in supporting hematopoiesis. Dysfunction of MSCs 40 

is associated with the impaired BM microenvironment that promotes leukemia development. 41 

However, whether and how restoration of the impaired BM microenvironment can inhibit 42 

leukemia development remain unknown. Using an established leukemia model and the RNA-seq 43 

analysis, we discovered functional degeneration of MSCs during leukemia progression. 44 

Importantly, intra-BM instead of systemic transfusion of donor healthy MSCs restored the BM 45 

microenvironment, thus systemically altering cytokine expression patterns, improving normal 46 

hematopoiesis, reducing tumor burden, and ultimately prolonging survival of the leukemia-bearing 47 

mice. Donor MSC treatment restored the function of host MSCs and reprogrammed host 48 

macrophages to fulfill tissue-repair function. Transfusion of MSC-reprogrammed macrophages 49 

largely recapitulated the therapeutic effects of MSCs. Further, we found that donor MSCs 50 

reprogrammed macrophages to reduce leukemia burden through autocrine of IL-6. Taken together, 51 

our study reveals that donor MSCs reprogram host macrophages to restore the BM 52 

microenvironment and inhibit leukemia development, thus offering rationales for local MSC 53 

administration as a potentially effective therapy for leukemia.  54 
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Introduction 55 

BM MSCs are key components of the BM stromal microenvironment, regulating homeostasis of 56 

the stromal niche and hematopoiesis1. Accumulating evidence uncovers that dysfunction of MSCs 57 

is associated with leukemia progression. Leukemic MSCs in a mouse T-ALL model suppressed 58 

normal hematopoiesis2. Deletion of Dicer1 gene in MSCs leads to impaired osteogenic 59 

differentiation, thrombopenia, and secondary tumorigenesis3. In myeloproliferative neoplasms, the 60 

leukemic cells reprogram MSCs to support proliferation of leukemic stem cells4. Ablation of MSC-61 

derived osteoblasts impairs the homeostasis of hematopoietic stem cells (HSC) and accelerates 62 

leukemogenesis in chronic myeloid leukemia5. In a myelodysplastic/myeloproliferative neoplasms 63 

(MDS/MPN) model, Ptpn11 mutation in MSCs hyperactivates HSC by secreting CCL3, 64 

systemically resulting in myeloid-biased proliferation and promoting leukemia progression6. 65 

Chromosomal abnormalities in MSCs occur in over 16% MDS/acute myeloid leukemia (AML) 66 

patients, which leads to a shorter survival7. MSCs of every MDS patient show features of stemness 67 

loss, aging, and osteogenic differentiation defect, which results in insufficient hematopoiesis8. In 68 

a patient-derived xenograft (PDX) model, only co-transplantation of tumor cells and the same 69 

patient-derived MSCs successfully recapitulates the MDS phenotype, indicating that besides the 70 

loss of function of supporting hematopoiesis, MSCs in MDS patients may acquire a function of 71 

preferentially promoting tumorigenesis9. Despite these findings, the causal relationship between 72 

tumor cells and the BM microenvironment during leukemia development and progression remains 73 

elusive. 74 

MSC therapy has been widely used in treating immune-related graft-vs-host disease (GVHD) and 75 

inflammation-related diseases10,11. Over the decades, a lot of evidence demonstrates that MSCs 76 

regulate innate and adaptive immune responses largely by secreting distinct sets of cytokines, 77 
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growth factors, and chemokines depending on different disease contexts12-16. Given the short 78 

lifespan of donor MSCs after transfusion17, the underlying molecular and cellular mechanisms by 79 

which these cells produce therapeutic effects remain elusive. It is also completely unknown 80 

whether donor MSCs can restore the impaired BM microenvironment and consequently suppress 81 

disease progression in leukemia setting. 82 

Macrophages are pivotal for maintenance of the tissue microenvironment, tissue repair, and even 83 

the tumor microenvironment18-22. BM resident macrophages maintain the homeostasis of HSCs 84 

and loss of these macrophages leads to mobilization of HSCs into peripheral blood (PB)23. The 85 

functions of macrophages are plastic and can be reshaped by distinct sets of soluble factors. When 86 

performing tissue repair, macrophages highly express arginase 1 (Arg1)24, an enzyme that converts 87 

L-arginine to urea and L-ornithine. After co-culture with MSCs, macrophages can be polarized 88 

from pro-inflammation (M1) to anti-inflammation (M2) type, up-regulating IL-10 and CD206 and 89 

down-regulating IL-6 and IL-1β25. Upon stimulated by LPS or TNF-α, MSCs can cross-talk with 90 

lung macrophages and reprogram these macrophages to secrete IL-10 to alleviate sepsis26. Despite 91 

these knowledge, whether healthy MSCs can reprogram macrophages from leukemia-bearing host 92 

to repair the damaged BM microenvironment is not known. 93 

Using the established mouse model mimicking chronic MPN/MDS diseases27-29, we discovered 94 

that the deteriorating BM microenvironment was associated with disease progression. Intra-BM 95 

instead of systemic transfusion of healthy MSCs restored the local BM microenvironment, 96 

improved thrombopoiesis, reduced tumor burden, and prolonged survival of leukemia-bearing 97 

mice. Mechanistically, we found that MSCs suppress leukemia development through resident 98 

macrophages and autocrine effect of IL-6. Our study demonstrates that intra-BM transfusion of 99 
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MSCs can restore the local BM niche to systemically prevent leukemia progression and can be a 100 

novel therapy for leukemia. 101 

Materials and Methods 102 

Mice. All mouse strains were maintained on C57BL/6 genetic background. Mice expressing the 103 

conditional oncogenic NrasG12D mutation (a gift from Dr. Jing Zhang lab at University of 104 

Wisconsin-Madison, Wisconsin, USA) were crossed to Vav-Cre mice to generate LSL Nras/+; 105 

Vav-Cre compound mice (NV mice). Genotyping of the adult mice was performed as described 106 

previously27. Vav-Cre strain (CD45.2), wild-type CD45.2, CD45.1 strain (C57BL/6) and Il6 knock 107 

out strain (Il6-/-, C57BL/6) were purchased from Jackson lab. GFP strain (CD45.2) was gifted by 108 

Guangdong Laboratory Animals Monitoring Institute. MLL-AF9 AML model mice were 109 

maintained a specific pathogen-free animal facility at the State Key Laboratory of Experimental 110 

Hematology. All mice were maintained within the SPF grade animal facility of Guangzhou 111 

Institution of Biomedicine and Health, Chinese Academy of Science (GIBH, CAS, China). All 112 

animal experiments were approved by the Institutional Animal Care and Use Committee of 113 

Guangzhou Institutes of Biomedicine and Health (IACUC-GIBH).  114 

NrasG12D leukemia model. White blood cells (CD45.2+, 0.3 million) after depletion of stromal 115 

cells from NrasG12D compound mice (LSL Nras/+; Vav-Cre) or control mice (CD45.2 strain) 116 

were sorted and transplanted into sublethally (6.5 Gy, RS2000, Rad Source Inc) irradiated CD45.1 117 

recipient by retro-orbital intravenous injection. Mice were fed with trimethoprim-118 

sulfamethoxazole-treated water for two weeks to prevent infection. Hematopoietic lineages in PB 119 

were assessed monthly by flow cytometry. During the development of NrasG12D-induced 120 

leukemia, the CD11b+ percentage in PB indicated the tumor burden (CD11b+%). 121 
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RNA-Seq and data analysis. For MSC library preparation, MSCs were sorted from wild type or 122 

leukemia-bearing mice, and recovered MSCs were sorted from leukemia-bearing mice 8 weeks 123 

post treatment with GFP+ donor MSCs. MSCs were sorted from two mice of each group. 1000 124 

target cells per sample were sorted into 500 µl DPBS-BSA buffer (0.5%BSA) using 1.5ml EP tube 125 

and transferred into 250 µl tube to spin down with 500 g. The cDNA of sorted 1000-cell aliquots 126 

were generated and amplified as described previously30. The qualities of the amplified cDNA were 127 

examined by Q-PCR analysis of housekeeping genes (B2m, Actb, Gapdh, Ecf1a1). Samples passed 128 

quality control were used for sequencing library preparation by illumina Nextera XT DNA Sample 129 

Preparation Kit (FC-131-1096).  130 

For macrophages (in vivo) library preparation, macrophages were sorted from BM of leukemia-131 

bearing mice before or after MSC treatment (12 hours post MSC treatment). Macrophages were 132 

also sorted after 12 hours of co-culture with MSCs. 1 × 10^5 target cells per sample were sorted 133 

and total RNA was extracted using the RNeasy micro kit with on-column DNase treatment 134 

(Qiagen, 74004) according to manufacture’s protocol. cDNA library was constructed using 135 

VAHTSTM mRNA-seq V3 Library Prep Kit for Illumina (Vazyme, NR611) according to 136 

manufacture’s protocol. The qualities of the cDNA were examined by qPCR analysis of 137 

housekeeping genes (B2m, Actb, Gapdh, Ecf1a1). Samples that passed quality control were used 138 

for sequencing.  139 

For data analysis, all libraries were sequenced by illumina sequencers NextSeq 500. The fastq files 140 

of sequencing raw data samples were generated using illumina bcl2fastq software (version: 141 

2.16.0.10) and were uploaded to Gene Expression Omnibus public database (GSE 125029). Raw 142 

reads were aligned to mouse genome (mm10) by HISAT231 (version: 2.1.0) as reported. And raw 143 

counts were calculated by featureCounts of subread32 (version 1.6.0). Differential gene expression 144 
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analysis was performed by DESeq233 (R package version: 1.18.1). Unsupervised clustering 145 

analysis was performed using facotextra (R package, version：1.0.5). Heatmaps were plotted 146 

using gplots (R package, version 3.01). GSEA was performed as described34, and gene-ontology 147 

(GO)-enrichment analysis were performed by clusterProfiler35 (R package, version: 3.6.0). MSC 148 

stemness related genes and MSC osteogenesis related genes for heatmaps were from references as 149 

follows: MSC stemness-related genes36-38 and MSC osteogenesis-related genes36,39. The gene sets 150 

for GSEA were from literatures as follows: angiogenesis-related genes in macrophages40, cell 151 

migration-related genes in macrophages (from MSigDB genesets), and secreted factors by 152 

macrophages41,42. 153 

MSC treatment for leukemia-bearing mice. For MSC transfusion, multiple approaches 154 

including retro-orbital, tail intravenous, and local intra-BM transfusion were applied 155 

independently. For tail vein transfusion, each leukemia-bearing mouse was injected with 2.5 × 156 

10^7 MSCs/kg (Passage 2) in 100  µl DPBS by tail vein transfusion. For retro-orbital transfusion, 157 

each leukemia-bearing mouse was injected with 2.5 × 10^7 MSCs/kg (Passage 2) in 200 µl DPBS 158 

by retro-orbital transfusion. For local intra-BM transfusion, tibia of each leukemia-bearing mouse 159 

was injected with 2.5 × 10^7 MSCs/kg (Passage 2) in 20 µl DPBS by local intra-BM transfusion. 160 

MSCs were injected once every two weeks and continued in a time window of 16 weeks. Every 161 

tibia was treated once per month by switching the injection site every other dose. The control mice 162 

were injected with DPBS following the same treatment procedure as MSCs. Analysis of platelets 163 

and CD11b+ cells in PB was performed monthly. 164 

GFP-MSCs and BM macrophage co-culture assay. Short-term co-culture assay was performed, 165 

with each well containing: 1 × 10^5 GFP-MSCs (passage 2; healthy MSCs were isolated from 166 

GFP mice, Il6-/- MSCs were isolated from Il6-/- mice) and 2 × 10^6 CD11b+ leukemic cells sorted 167 
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from leukemia-bearing mice in 2 mL culture medium of  α-MEM, 10% FBS and 50 ng/ml SCF. 168 

MSCs and CD11b+ leukemic cells were incubated either by direct-contact culture or transwell 169 

culture for 12 hours at 37oC under 5% CO2 in a humidified incubator. MSC-reprogrammed 170 

macrophages from leukemia-bearing mice (CD11b+F4/80+) were sorted for detecting the gene 171 

expression by Q-PCR. 172 

Treatment for leukemia-bearing mice with MSC-reprogrammed macrophages. 1 × 10^5 173 

MSCs were seeded into each well of six-well plates. CD11b+ leukemic cells were enriched from 174 

BM of leukemia-bearing mice with severe tumor burden (CD11b+% in PB > 60%). Then 2 × 10^6 175 

CD11b+ leukemic cells were directly co-cultured with MSCs. After 12 hours, macrophages were 176 

sorted for transfusion. Leukemia-bearing mice with severe tumor burden were treated by intra-BM 177 

transfusion of PBS or MSC-reprogrammed macrophages from leukemia-bearing mice (E-Mac). A 178 

dose of 1 million macrophages/mouse in 20 µl PBS were delivered into the tibia cavity using 29-179 

gauge needle. Every tibia was treated once per two weeks by switching the injection site every 180 

other dose. Analysis of platelets and CD11b+ cells in PB was performed monthly. 181 

Statistical analysis. The data were represented as mean ± SD. Two-tailed independent Student’s 182 

t-tests were performed for comparison of two groups of data (SPSS v.23, IBM Corp., Armonk, 183 

NY, USA). For the analysis of three groups or more, one-way ANOVA was used (SPSS v.23, IBM 184 

Corp., Armonk, NY, USA), and further significance analysis among groups was analyzed by Post 185 

Hoc Test (equal variances, Turkey-HSD; unequal variances, Games-Howell). Kaplan-Meier 186 

method was used to calculate survival curves of leukemia, and Log-rank (Mantel-Cox) test was 187 

performed to compare differential significance in survival rates. P values of less than 0.05 were 188 

considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). 189 

Results 190 
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Deterioration of BM MSCs accompanies the development of Nras-mutant-induced leukemia 191 

Mice carrying an endogenous mutant Nras allele develop myelodysplastic/myeloproliferative 192 

neoplasms (MDS/MPN)-like leukemia with a long latency27-29,43. Here we found the primary BM 193 

leukemic cells failed to accelerate the disease in the secondary recipient mice, implying a role of 194 

the BM microenvironment in disease etiology (Figure S1). We hypothesized that the BM 195 

microenvironment is impaired by Nras-mutant leukemic cells, which in return impedes normal 196 

hematopoiesis and accelerates leukemia progression. Indeed, we observed quantitative decreases 197 

and functional degeneration of MSCs (Ter119-CD45-CD31-Sca1+CD51+CD146+) during disease 198 

development and progression (Figure 1A-C, and Figure S2). To further characterize the residual 199 

MSCs in mice with leukemia, we performed RNA-Seq analysis of the residual MSCs from 200 

leukemia-bearing mice at an early disease phase (CD11b+% in PB: 35%-45%). Consistent with 201 

the quantitative and functional reduction, the expression of the transcription factor Gnl336, an 202 

indicator of MSC self-renewal, was significantly down-regulated in MSCs from leukemia-bearing 203 

mice relative to wild-type mice (Figure 1D). The expression of Nt5e (CD73), Thy1 (CD90), Vcam1 204 

(CD106), Cd81, Sdc4,  Itgb1 and Anpep36-38, encoding surface markers on three-lineage-potent 205 

MSCs but not on uni-lineage-primed MSCs, was markedly reduced in MSCs from leukemia-206 

bearing mice (padj < 0.05, fold change > 1.6) (Figure 1D). Furthermore, the expression of Bgn, 207 

Bmp4, Col1a1, Csf1, Dcn, Dkk2, Mmp13, Ogn, Wisp1, and Wisp236,39, pivotal for osteogenic 208 

differentiation, was markedly suppressed in the residual MSCs (padj < 0.05, fold change > 2) 209 

(Figure 1E). In vitro differentiation assay confirmed that osteogenic and adipogenic differentiation 210 

potential in leukemic MSCs were impeded (Figure S3). MSCs fulfill their tissue-specific and 211 

condition-responsive regulatory functions through secreting distinct types of soluble factors44. 212 

Under leukemia condition, the residual MSCs indeed secreted much less soluble factors, including 213 
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Il6, Il11, Ccl2, Ccl7, Cxcl12, Cxcl13 and Cxcl14 (padj < 0.05, fold change > 2), compared to MSCs 214 

from normal wild-type mice (Figure 1F). These molecules are pivotal for tissue repairing45-50. 215 

Indirect immunofluorescence assay and intracellular flow cytometry staining confirmed that the 216 

levels of IL-6 (Figure 1G-H), CCL2 (Figure 1I-J), and CXCL12 (Figure 1K-L) proteins in 217 

leukemic MSCs were significantly lower than healthy MSCs (p < 0.001). In addition, Ccl5, a 218 

chemokine involved in the pathogenesis of MPN51 and the inhibition of thrombopoiesis52, was 219 

significantly up-regulated in the residual MSCs from leukemia-bearing mice (padj < 0.05, fold 220 

change > 2). Gene set enrichment analysis (GSEA) further revealed features of inflammation in 221 

the residual MSCs (Figure S4). Collectively, these results show that the MSCs dramatically 222 

deteriorate during the disease development and progression of Nras-mutation-caused leukemia. 223 

Intra-BM transfusion of healthy MSCs improves thrombopoiesis, reduces tumor burden and 224 

improves survival of the leukemia-bearing mice 225 

We hypothesized that restoration of the impaired BM microenvironment in leukemia-bearing mice 226 

might suppress/delay the disease progression. To test this hypothesis, we attempted healthy MSC 227 

treatment using GFP-tagged MSCs isolated from the tibias and femurs of healthy mice as 228 

previously reported53. The isolated primary MSCs were expanded shortly in vitro to passage two 229 

(P2) and cryopreserved. For MSC treatment, the cryopreserved P2 MSCs were recovered and 230 

cultured for five days, phenotypically identified (CD45-Ter119-CD31-231 

CD51+CD105+LepR+PDGFRα+PDGFRβ+Sca1+) (Figure S5), and suspended in DPBS (2.5 × 232 

10^7/ml) for transfusion. Initially, we adopted a direct delivery procedure by injecting donor 233 

MSCs every two weeks either via tail vein (dose: 0.5 × 10^6/mouse) (Figure S6A) or retro-orbital 234 

(dose: 0.5 × 10^6/mouse) transfusion (Figure S6B) into the leukemia-bearing mice at a late disease 235 

phase (CD11b+ cells > 60% in PB). However, these delivery approaches failed to produce 236 
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therapeutic effects. In vitro cultured MSCs lose their natural homing feature54, the retro-orbital and 237 

intravenous injection of cultured MSCs failed to home to bone marrow (Figure S6C-D). Thus, we 238 

attempted intra-BM transfusion to overcome the homing defect caused by in vitro culture. A 239 

sequential doses of MSCs (2.5 × 10^7 MSCs/kg per dose in 20 µL DPBS) were injected into the 240 

tibia cavities of leukemia-bearing mice with two-week intervals for up to 16 weeks (Figure 2A). 241 

Strikingly, the tumor burden continuously decreased during MSC treatment (Figure 2B and 242 

Supplementary Figure S7). Consequently, the survival of treated leukemia-bearing mice was 243 

significantly prolonged (Untreated: 51.5 days, MSC-treated: >115 days, p < 0.001) (Figure 2C). 244 

Therefore, intra-BM transfusion of healthy donor MSCs improves the survival of leukemia-245 

bearing mice. 246 

MSC-treatment systemically re-balances myelopoiesis and activates megakaryopoiesis  247 

We next investigated the underlying mechanisms associated with the systemically decreased tumor 248 

burden. We found that the hematopoiesis in the MSC-treated leukemia-bearing mice was re-249 

balanced, demonstrated by significant decreases of white blood cells (Untreated vs. MSC-treated: 250 

23.04 vs 8.876, p = 0.009), and significant elevation of platelets (Untreated vs. MSC-treated: 2.64 251 

vs. 6.01, p = 0.004) (Figure 2D) in PB. On the contrary, the PBS-treated leukemia-bearing mice 252 

exhibited neither improved hematopoiesis (Figure S8) nor prolonged survival. High GM-CSF 253 

levels in serum are associated with the tumor burdens of CMML in patients55 and mouse models27. 254 

We analyzed the GM-CSF levels in serum of leukemia-bearing mice with or without MSC-255 

treatment. As expected, the GM-CSF levels in MSC-treated leukemia-bearing mice were 256 

significantly decreased (> 7 folds) (p < 0.001) (Figure 2E), which was associated with the reduction 257 

of GM-CSF secreting tumor cells (Figure S9). IL-6 promotes thrombopoiesis by increasing 258 

systemic TPO levels56. Consistently, the MSC-treated leukemia-bearing mice exhibited elevated 259 
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IL-6 (> 25 folds) and TPO (> 2 folds) levels (Figure 2F) in PB serum. Collectively, these results 260 

indicate that intra-BM transfusion of healthy donor MSCs systemically improves hematopoiesis 261 

and prolongs the survival of leukemia-bearing mice. 262 

To further investigate the systemic effects of the local MSC-treatment on hematopoiesis in 263 

leukemia-bearing mice, we analyzed the ratios of myeloid progenitor subpopulations in MSC-264 

treated leukemia-bearing mice. Consistent with the elevated platelet levels and reduced myeloid 265 

cells in PB, the MSC-treated leukemia-bearing mice showed increased proportions of 266 

megakaryocyte-erythroid progenitors (MEP) (> 1.6 folds) (p < 0.001) and decreased ratios of 267 

granulocyte-macrophage progenitors (GMP) (> 1.5 folds) (p < 0.001) in both injected and non-268 

injected sites than those sites in PBS-treated leukemia-bearing mice (Figure 3A-B, Figure S10A). 269 

In addition, we observed increased (> 1.3 folds) ratios of mature megakaryocytes (≥ 8N) in both 270 

injected and non-injected sites in MSC-treated leukemia-bearing mice (Figure 3C-D, Figure S10B) 271 

in comparison with PBS-treated leukemia-bearing control mice (p < 0.001). Thus, these data 272 

demonstrate that MSC-treatment systemically re-balances myelopoiesis and activates 273 

megakaryopoiesis in leukemia-bearing mice. 274 

Recovered host MSCs are functional as healthy counterparts 275 

Consistent with an early report57, our data showed that MSCs indeed support normal 276 

hematopoiesis. Interestingly, MSCs also promoted the growth of leukemic cells in vitro, which 277 

suggests that donor MSCs indirectly inhibit the tumor development in vivo. To investigate whether 278 

the improved hematopoiesis is associated with restoration of the BM microenvironment, we 279 

analyzed the MSC-treated tibias eight weeks after MSC treatment. Interestingly, host MSCs (GFP 280 

negative) were partially recovered (Figure 4A-B), but restricted to the locally treated tibias (Figure 281 

S11). Functionally, the recovered host MSCs formed markedly more CFU-F colonies than the 282 
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residual MSCs from untreated leukemia-bearing mice (> 3.8 folds) (p < 0.001) (Figure 4C and 283 

Figure S12). To characterize the recovered MSCs at the transcriptome level, we sorted the 284 

recovered MSCs for RNA-Seq analysis. Unsupervised hierarchical clustering analysis showed that 285 

the recovered MSCs clustered closer to healthy MSCs (Figure 4D). Further, the expression of 286 

cytokines and chemokines, including Il6, Ccl2, Ccl7, Ccl19, Cxcl12, Cxcl13, and Cxcl14, was 287 

restored in the recovered MSCs compared to that in MSCs from untreated leukemia-bearing 288 

control mice (padj < 0.05, fold change > 2) (p < 0.05) (Figure 4E). Consistently, indirect 289 

immunofluorescence assay and intracellular flow cytometry staining confirmed that the levels of 290 

IL-6, CCL2, and CXCL12 proteins in recovered MSCs (from the injected sites) were significantly 291 

improved to comparable levels as in healthy MSCs (p < 0.001) (Figure 4F-I and S13). Therefore, 292 

donor MSC-treatment results in local functional restoration of host MSCs. 293 

The donor MSCs reprogram macrophages to execute tissue-repair function 294 

We further investigated the cellular mechanism underlying the restored BM microenvironment 295 

mediated by donor MSCs under leukemia condition. BM macrophages play a pivotal role in 296 

maintaining the BM niche18. To study whether donor MSCs reprogram BM macrophages, we 297 

performed co-culture assay of healthy MSCs with BM macrophages (L-Mac) sorted from the 298 

leukemia-bearing mice in vitro for twelve hours and re-sorted the macrophages (E-Mac) for RNA-299 

Seq analysis. GSEA illustrated that angiogenesis-related genes, including Vegfa, Hif1a, Serpine1, 300 

Eng and Thbs140 (Figure S14A), were enriched among the differentially expressed genes in E-Mac 301 

(Figure 5A). Genes associated with cell migration, including Sirpa and Ccl558,59, were also 302 

enriched in E-Mac (Figure 5B and S14B). Further, gene-ontology analysis demonstrated features 303 

of positive regulation of cell migration and angiogenesis in E-Mac (Figure 5C). Elevated 304 

expression of genes encoding soluble factors, including Tnf, Il1a, Ccr7, Ccl3, and Ccl5, was also 305 
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observed in E-Mac (Figure 5D). Indirect immunofluorescence assay confirmed that E-Mac had 306 

significantly higher levels of TNF-α, CCR7, and IL-1α proteins than L-Mac (p < 0.001) (Figure 307 

5E and S15A). Furthermore, intracellular flow cytometry staining also showed that the levels of 308 

TNF-α and CCR7 proteins in L-Mac were significantly lower than E-Mac (p < 0.001) (Figure 309 

S15B-D). To characterize which subset of macrophages are involved in re-educating the bone 310 

marrow microenvironment, we analyzed the classical M1 and M2 macrophage subtypes both in 311 

vitro and in vivo. However, the results showed that MSC treatment caused no typical transition of 312 

M1 and M2 (Figure S16), which indicates a functional alteration of leukemic macrophages 313 

independent of M1 to M2 transition. RNA-Seq analysis showed that the expression of arginase 1 314 

(Arg1), an indicator of tissue repair function24, was dramatically up-regulated over thousand folds 315 

in E-Mac (Figure 5F) after direct co-culture with MSCs in vitro. However, the Arg1 expression in 316 

macrophages after transwell co-culture was barely elevated (Figure 5F), indicating that direct cell-317 

cell interaction instead of MSC-secreted soluble factors is essential for the functional 318 

reprogramming. Consistent with the observation in vitro, the expression of Arg1 was also 319 

significantly increased in BM macrophages directly isolated from MSC-treated leukemia-bearing 320 

mice (Figure 5G). Furthermore, intracellular flow cytometry staining confirmed that the ratios of 321 

Arg1high macrophage subpopulation significantly increased in E-Mac at the MSC-treated sites (p 322 

< 0.01) (Figure 5H-I). Collectively, these results indicate that the donor MSCs reprogram BM 323 

macrophages from leukemia-bearing mice to execute tissue-repair function. 324 

The E-Mac treatment largely recapitulates the therapeutic effects of MSC treatment 325 

Given the short lifespan of donor MSCs in vivo17, we speculated that MSCs mediate the restoration 326 

of the BM microenvironment of leukemia-bearing mice by reprogramming macrophages. We 327 

isolated macrophages from leukemia-bearing mice and co-cultured them with healthy MSCs for 328 
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12h, and then transplanted these E-Mac back into leukemia-bearing mice by intra-BM injection 329 

(Figure 6A). We indeed found that the thrombopoiesis was significantly improved (> 6 folds) after 330 

E-Mac treatment (p < 0.001) (Figure 6B-C). Host MSCs were also significantly increased (> 3 331 

folds) in E-Mac-treated leukemia-bearing mice (p < 0.001) (Figure 6D-E). Consistent with the 332 

MSC treatment, we also observed increased ratios of mature megakaryocytes (p < 0.001) (Figure 333 

6F-G) and alleviated tumor burden (CD11b+) (Figure S17) in E-Mac-treated leukemia-bearing 334 

mice. Collectively, these results demonstrate that MSC-reprogrammed macrophages largely 335 

recapitulate the therapeutic effects of MSCs. 336 

MSCs reprogram macrophages and reduce leukemia burden through IL-6  337 

Residual MSCs in leukemia-bearing mice lost the ability to secrete IL-6 (Figure 1G-H). IL-6 is 338 

critical for maintaining the stemness and function of MSCs60. The recovered host MSCs after 339 

donor MSC-treatment expressed comparable Il6 mRNA as healthy MSCs (Figure 4E-G). 340 

Consistently, BM plasma IL-6 levels in MSC-treated leukemia-bearing mice were significantly 341 

elevated (> 3 folds) and were comparable to those in healthy mice (p < 0.001) (Figure 7A). To 342 

investigate the biological consequence of reduced IL-6 on MSCs, we analyzed the MSCs in Il6-/- 343 

mice by in vitro proliferation assay. We observed that the Il6-/- MSCs proliferated at a significantly 344 

slower speed than their WT counterparts in vitro (p < 0.001) (Figure. S18A). To investigate the 345 

role of IL-6 in MSC-mediated therapeutic effects, we directly injected IL-6 proteins (40 µg/kg) 346 

into leukemia-bearing mice. However, systemic IL-6 transfusion failed to suppress leukemia 347 

(Figure S18B)，which indicates that MSC-educated leukemic macrophages are distinct from the 348 

conventional IL-6-dependent myeloid-derived immune-suppressor cells61. We speculated that IL-349 

6 might function as an autocrine factor for MSCs to reprogram macrophages in leukemia-bearing 350 

mice. In vitro co-culture assay showed that Il6-/- MSCs compromised their ability to induce Arg1 351 
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expression in macrophages derived from leukemia-bearing mice (Figure 7B). In addition, intra-352 

BM injection of Il6-/- MSCs neither improved thrombopoiesis nor reduced tumor burden in 353 

leukemia-bearing mice (Figure 7C-E). Furthermore, loss of Il6 significantly compromised MSCs’ 354 

ability to reprogram leukemic macrophages, demonstrated by mild increase of the ratios of Arg1high 355 

macrophage subpopulation in Il6-/- MSC-treated leukemic mice in vivo (Figure 7F-H). Taken 356 

together, these results demonstrate that autocrine IL-6 is essential for MSC-mediated 357 

reprogramming of macrophages and reduction of tumor burden in leukemia-bearing mice. 358 

Discussion 359 

Deteriorating BM microenvironment accompanies chronic leukemia progression. Here we unravel 360 

a de novo approach of reverting the impaired BM microenvironment by intra-BM injection of 361 

donor MSCs. Upon injection, the donor MSCs quickly reprogrammed local host BM macrophages 362 

to repair the niche, thus improving normal hematopoiesis and suppressing leukemia development. 363 

These effects of donor MSCs depend on the autocrine production of IL-6. Our studies reveal de 364 

novo mechanisms underlying MSC-mediated local BM microenvironment restoration that 365 

systemically suppress leukemia development. 366 

Given the short-term lifespan of the exogenous MSC in vivo, it is surprising that local injection of 367 

donor MSCs results in long-term improvement of thrombopoiesis and reduction of tumor burden. 368 

Following injection, exogenous donor MSCs immediately reprogram host resident macrophages 369 

that further organize the overhaul of local BM microenvironment, including restoring the functions 370 

of host MSCs. There is a lot of evidence supporting the pivotal roles of macrophages in tissue 371 

repair62,63. Donor MSCs can transiently release a key wave of tissue-repair factors, such as IL-645, 372 

CCL750, and CXCL1247, and reprogram host macrophages, subsequently resulting in the recovery 373 

of host MSCs. Recovered host MSCs further secreted much higher level of CCL2, CCL7, and 374 
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CXCL12 that can further facilitate BM niche repair. Donor MSCs could also directly modulate the 375 

other niche cells, in addition to macrophages, to participate in BM niche repair12. Consequently, 376 

the restored local BM microenvironment outputs abundant hematopoiesis-improving cytokines, 377 

including IL-656, and reduces tumor-growth-stimulating cytokines, such as GM-CSF27,55. Thus, 378 

despite the short life-span, donor MSCs provide long-term thrombopoiesis improvement and 379 

tumor burden reduction through the stepwise microenvironment restoration. 380 

Of note, IL-6 deficiency in MSCs markedly compromised the abilities of these cells to reprogram 381 

host resident macrophage. Transwell co-culture study has shown that direct interaction between 382 

MSCs and macrophages is a necessity for reprogramming host macrophages. Both autocrine 383 

production of IL-6 and reprogramming host macrophages by MSCs are required for MSC-384 

mediated microenvironment restoration and leukemia inhibition. However, it is not clear how 385 

autocrine IL-6 controls the function of MSCs and how MSCs directly reprogram macrophages. 386 

The underlying molecular mechanisms warrant further investigation. Besides IL-6, it deserves 387 

additional investigations of whether other key molecules produced by MSCs are involved in the 388 

MSC-mediated microenvironment restoration and leukemia inhibition, such as nitric oxide64.  389 

MSC treatment inhibits leukemia development in the Nras mutation-induced MPN/MDS-like 390 

disease model. We also attempted to broaden MSC treatment for acute leukemia in the MLL-AF9-391 

initiated model (Figure S19A), in which impaired MSCs results in the reduction of osteogenesis 392 

and CXCL12 production65. Despite a mild elevation of platelet level, the intra-BM transfusion of 393 

donor MSCs failed to significantly improve normal hematopoiesis or suppress acute leukemia 394 

development (Figure S19B-H). Therefore, the intra-BM MSC treatment might be beneficial for 395 

MPN/MDS leukemias, such as JMML and CMML, but insufficient for suppressing acute 396 

leukemia. Although MSC application could be an effective therapeutic regimen for patients with 397 
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MPN/MDS-subtype leukemia, combination therapy of conventional approaches with local MSC 398 

transfusion might be required to achieve therapeutic outcomes for acute leukemia with impaired 399 

BM microenvironment. 400 
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Figures and figure legends 569 

 570 

Figure 1: Impaired BM MSCs in mice with NrasG12D mutation-induced leukemia 571 

CD45.2+ BMNC from LSL Nras/+; Vav-Cre mice (NV mice) were sorted and transplanted into 572 

sublethally irradiated (6.5 Gy) individual recipients (CD45.1 strain) with a cell dose of 0.3 million 573 

per recipient. For control recipient mice (CD45.1 strain), 0.3 million sorted CD45.2+ BMNC from 574 
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WT mice were transplanted. (A) Gating strategies for BM MSCs. MSCs are defined as Ter119-575 

CD45-CD31-Sca1+CD51+ CD146+. Plots from one representative control mouse (CD11b+% in PB 576 

= 10%) and one leukemia-bearing mouse (CD11b+% in PB > 60%) of six mice of each group are 577 

shown. The nucleated cell mixtures of BM and compact bones were prepared for flow cytometry 578 

analysis of MSCs. (B) Statistical analysis of the absolute numbers of MSCs in tibias and femurs 579 

from control and leukemia-bearing mice. Data are analyzed by unpaired student’s t-test (two-580 

tailed). ***p < 0.001. Data are represented as mean ± SD (n = 6 mice for each group from multiple 581 

independent experiments). (C) Kinetic analysis of functional MSCs in CFU-F assay. Total BMNC 582 

equivalent to 100 MSCs calculated by the percentages of MSCs in individual BMNC samples by 583 

flow cytometry analysis. Data are analyzed by unpaired student’s t-test (two-tailed). *p < 0.05, 584 

***p < 0.001. For each time point, three independent experiments were performed. Data are 585 

represented as mean ± SD. (D) Heatmaps of MSC stemness-related genes differentially expressed 586 

between healthy MSCs and MSCs from leukemia-bearing mice (padj < 0.05, fold change > 1.6). 587 

One thousand sorted MSCs (Ter119-CD45-CD31-Sca1+CD51+) from the nucleated cell mixtures 588 

of BM and compact bones of independent leukemia-bearing mice, control mice, and MSC-treated 589 

leukemia-bearing mice were used as each cell sample input for RNA-Seq. Leukemia-bearing mice 590 

(CD11b+% in PB = 35%-45%) and control mice (CD11b+% in PB = 10-15%) were accumulated 591 

from multiple independent experiments. The expression value (DESeq2 normalized counts) of 592 

each gene was converted to z-score values (red, high; blue, low), and the heatmaps were plotted 593 

by gplots (heatmap.2). Columns represent the indicated cell subsets in nine MSC samples (Healthy 594 

MSCs from control mice: n = 3, MSCs from leukemia-bearing mice: n = 6). (E) Heatmaps of 595 

osteogenic differentiation-related genes differentially expressed between healthy MSCs and MSCs 596 

from leukemia-bearing mice (padj < 0.05, fold change > 2). The expression value (DESeq2 597 
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normalized counts) of each gene was converted to z-score values (red, high; blue, low), and the 598 

heatmaps were plotted by gplots (heatmap.2). Columns represent the indicated cell subsets in nine 599 

MSC samples (Healthy MSCs: n = 3, MSCs from leukemia-bearing mice: n = 6). (F) Heatmaps of 600 

MSC secreted factor-related genes differentially expressed between healthy MSCs and MSCs from 601 

leukemia-bearing mice (padj < 0.05, fold change > 2). The expression value (DESeq2 normalized 602 

counts) of each gene was converted to z-score values (red, high; blue, low), and the heatmaps were 603 

plotted by gplots (heatmap.2). Columns represent the indicated cell subsets in nine MSC samples 604 

(Healthy MSCs: n = 3, MSCs from leukemia-bearing mice: n = 6). (G) Single-cell imaging of 605 

intracellular IL-6 proteins by indirect immunofluorescence assay (IFA) in primary MSCs sorted 606 

from the control and leukemic mice. Images of three single representative cells of each group are 607 

shown. (H) Statistical analysis of mean intensities of IL-6 fluorescence in control and leukemic 608 

MSC samples. Each dot represents a single cell. Data are analyzed by unpaired student’s t-test 609 

(two-tailed). ***p < 0.001. Data are represented as mean ± SD. Control, n=30; Leukemia, n=30. 610 

(I) Single-cell imaging of intracellular CCL2 proteins by IFA in primary MSCs sorted from the 611 

control and leukemic mice. Images of three single representative cells of each group are shown. 612 

(J) Statistical analysis of mean intensities of CCL2 fluorescence in control and leukemic MSC 613 

samples. Each dot represents a single cell. Data are analyzed by unpaired student’s t-test (two-614 

tailed). ***p < 0.001. Data are represented as mean ± SD. Control, n=30; Leukemia, n=30. (K) 615 

Representative intracellular staining plots of CXCL12 proteins in control and leukemic MSCs 616 

analyzed by flow cytometry. (L) Statistical analysis of mean fluorescence intensities (MFI) of 617 

CXCL12 in control and leukemic MSCs. Data are analyzed by unpaired student’s t-test (two-618 

tailed). ***p < 0.001. Plots from three representative control mice and leukemia-bearing mice are 619 

shown. Data are represented as mean ± SD (n = 6 mice for each group).  620 
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 621 

Figure 2: Intra-BM transfusion of donor MSCs prolongs survival of leukemia-bearing mice 622 

(A) Schematic diagram of MSC transfusion strategy. The donor MSCs prepared for transfusion 623 

were isolated from the compact bone and BMNC of three to four-week-old healthy GFP mice. The 624 

isolated MSCs were expanded in vitro, and the secondary passage products were used for 625 

transfusion. Leukemia-bearing mice with severe tumor burden (CD11b+% in PB > 60%) were 626 

treated by intra-bone-marrow transfusion of donor MSCs. WT mice were treated by the same 627 

procedure as treatment control, and leukemia-bearing mice without MSC treatment were used as 628 

untreated controls. A sequential doses of MSCs (2.5 × 10^7 MSCs/kg per dose in 20 µL DPBS) 629 

were delivered into the tibia cavity using 29-gauge needle. Every tibia was treated once per month 630 

by switching the injection site every other dose. (B) Kinetic analysis of tumor burden (CD11b+) of 631 
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MSC-treated leukemia-bearing mice. The time window of MSC treatment is from 0 weeks (W0, 632 

treatment starting time) to 16 weeks (W16). Flow cytometry analysis of tumor burden (CD11b+) 633 

in PB was performed monthly. These leukemia-bearing mice were accumulated from multiple 634 

independent experiments. The individual leukemia-bearing mice were selected to perform 635 

treatment once they reached the leukemic burden standard (CD11b+% > 60% in peripheral blood), 636 

but at different time from multiple experiments. Untreated leukemia-bearing mice were used as 637 

disease control (red line), PBS-treated leukemia-bearing mice were used as injected control (green 638 

line), and MSC-treated WT mice were used as treatment control (black line). Untreated leukemia-639 

bearing mice: n = 6; PBS-treated leukemia-bearing mice: n = 3; MSC-treated leukemia-bearing 640 

mice (blue line): n = 6; MSC-treated WT mice: n = 4. (C) Kaplan-Meier survival of MSC-treated 641 

leukemia-bearing mice. Kaplan-Meier survival curves of untreated (n = 6, Median survival = 51.5 642 

days) and MSC-treated (n = 6, Median survival = 115 days) leukemia-bearing mice are shown. 643 

MSC treatment was terminated after 16 weeks. The untreated leukemia-bearing mice from the 644 

same batch were used as control (red line). Log-rank (Mantel-Cox) test: p < 0.001. (D) Statistical 645 

analysis of white blood cells (WBC) and platelets (PLT) counts in PB of WT mice, untreated 646 

leukemia-bearing mice, and MSC-treated leukemia-bearing mice at week nine since the MSC 647 

treatment. Data are analyzed by one-way ANOVA test. **p < 0.01. Data are represented as mean 648 

± SD (n =6-8 mice for each group). (E) ELISA of GM-CSF levels in PB serum. Serum prepared 649 

from 200 µL PB of individual WT mice (n=8 ), untreated leukemia-bearing mice (Untreated, n=6) 650 

and MSC-treated leukemia-bearing mice (MSC-treated, n=6) eight weeks post MSC treatment. 651 

Data are analyzed by one-way ANOVA test. ***p < 0.001. Data are represented as mean ± SD. 652 

(F) ELISA of IL-6 and TPO levels in PB serum. Serum prepared from 200 µL PB of individual 653 

WT mice (n=6-8 ), untreated leukemia-bearing mice (Untreated, n=6) and MSC-treated leukemia-654 
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bearing mice (MSC-treated, n=6) eight weeks post MSC treatment. Data are analyzed by one-way 655 

ANOVA. **p < 0.01, ***p < 0.001. Data are represented as mean ± SD. 656 
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 658 

Figure 3: Systemically re-balanced myeloid lineage progenitor cells and systemically 659 

activated megakaryocytes in MSC-treated leukemia-bearing mice 660 

(A) Ratios of myeloid progenitor subpopulations in MSC- and PBS-treated leukemia-bearing 661 

mice. Total bone marrow nucleated cells were from the MSC-injected site (tibia) and non-injected 662 

site (femur) of each leukemia-bearing mouse, or PBS-injected site (tibia) and non-injected site 663 

(femur) of each leukemia-bearing mouse four weeks post MSC/PBS treatment. GMP 664 

(granulocyte/macrophage progenitors): Lin-IL-7R-Sca1-c-Kit+CD34+CD16/32high; MEP 665 

(megakaryocyte/erythroid progenitors): Lin-IL-7R-Sca1-c-Kit+CD34-CD16/32-. (B) Statistical 666 
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analysis of myeloid progenitor components (GMP and MEP) in the injected site (tibia) and non-667 

injected site (femur) of each PBS-treated leukemia-bearing mouse and MSC-treated leukemia-668 

bearing mouse four weeks post-MSC treatment. Data are analyzed by one-way ANOVA test. ***p 669 

< 0.001. Data are represented as mean ± SD (n = 5-6 mice for each group accumulated from 670 

multiple independent experiments). (C) Activation analysis of megakaryocytes in MSC- and PBS-671 

treated leukemia-bearing mice. Plots from one representative PBS-treated leukemia-bearing 672 

mouse and MSC-treated leukemia-bearing mouse four weeks post MSC treatment are shown. 673 

Percentages of mature megakaryocytes with 8N and greater ploidy (≥8N) are shown. (D) 674 

Statistical analysis of the percentages of mature megakaryocytes (≥8N). Data are analyzed by one-675 

way ANOVA test. ***p < 0.001, N.S indicates not-significant. Data are represented as mean ± SD 676 

(n = 4 mice for each group accumulated from multiple independent experiments). 677 
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 679 

Figure 4: Characterization of recovered host MSCs from MSC-treated leukemia-bearing 680 

mice 681 

(A) Flow cytometry analysis of recovered host MSCs in leukemia-bearing mice eight weeks post 682 

MSC treatment. Tibias of MSC-treated leukemia-bearing mice eight weeks after the first dose 683 

MSC treatment were analyzed. The leukemic mice are induced as described in Figure 1. The data 684 

of the MSC-treated tibias (injected sites) from MSC-treated leukemic mice and the control tibias 685 

from untreated leukemic mice are shown. Plots of one representative mouse from each group are 686 

shown. MSCs are defined as Ter119-CD45-CD31-Sca1+CD51+CD146+. The nucleated cell 687 

mixtures of BM and compact bones were prepared for flow cytometry analysis of MSCs. (B) 688 

Statistical analysis of the absolute numbers of host MSCs (GFP-, host-derived MSCs) in tibias 689 

from untreated and MSC-treated leukemia-bearing mice. Data are analyzed by unpaired student’s 690 

t-test (two-tailed). ***p < 0.001. Data are represented as mean ± SD (n = 5 mice for each group). 691 
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(C) Statistical analysis of CFU-F colonies. The numbers of colonies of each group were counted 692 

after Giemsa staining. Data are analyzed by unpaired student’s t-test (two-tailed). ***p < 0.001. 693 

Data are represented as mean ± SD (n = 5 mice for each group). (D) Unsupervised hierarchical 694 

clustering of RNA-Seq data of MSCs from leukemia-bearing mice, healthy MSCs, and recovered 695 

MSCs (GFP-, recipient-derived). For each RNA-Seq sample, one thousand MSCs from leukemia-696 

bearing mice, healthy mice, and MSC-treated leukemia-bearing mice were sorted and analyzed (n 697 

= 3-6). The raw reads (fastq files) from RNA-Seq were aligned to mouse genome by Tophat2 698 

package, and further normalized by Cufflinks. Unsupervised hierarchical clustering was conducted 699 

by factoextra R package. (E) Heatmaps of MSC secreted factor-related genes differentially 700 

expressed between MSCs from leukemia-bearing mice and recovered MSCs (padj < 0.05, fold 701 

change > 1.4). The expression value (DESeq2 normalized counts) of each gene was converted to 702 

z-score values (red, high; blue, low), and the heatmaps were plotted by gplots (heatmap.2). 703 

Columns represent the indicated cell subsets in ten MSC samples (Leukemic MSCs: n = 6, 704 

Recovered MSCs: n = 4). (F) Single-cell imaging of intracellular IL-6 proteins by indirect 705 

immunofluorescence assay (IFA) in primary MSCs sorted from non-injected sites (Leukemic 706 

MSCs) and MSC-injected sites (Recovered MSCs) of MSC-treated leukemic mice. Images of three 707 

single representative cells of each group are shown. (G) Statistical analysis of mean intensities of 708 

IL-6 fluorescence in leukemic and recovered MSC samples. Each dot represents a single cell. Data 709 

are analyzed by unpaired student’s t-test (two-tailed). ***p < 0.001. Data are represented as mean 710 

± SD. Control, n=30; Leukemia, n=30. (H) Single-cell imaging of intracellular CCL2 proteins by 711 

IFA in primary MSCs sorted from non-injected sites (Leukemic MSCs) and MSC-injected sites 712 

(Recovered MSCs) of MSC-treated leukemic mice. Images of three single representative cells of 713 

each group are shown. (I) Statistical analysis of mean intensities of CCL2 fluorescence in leukemic 714 
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and recovered MSC samples. Each dot represents a single cell. Data are analyzed by unpaired 715 

student’s t-test (two-tailed). ***p < 0.001. Data are represented as mean ± SD. Control, n=30; 716 

Leukemia, n=30.  717 
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 719 

Figure 5: Characterization of MSC-reprogrammed BM resident macrophages isolated from 720 

leukemia-bearing mice 721 

(A) Gene set enrichment analysis (GSEA) of the positive regulation of angiogenesis in L-Mac and 722 

E-Mac. L-Mac indicates leukemic macrophages. E-Mac indicates MSC-reprogrammed leukemic 723 

macrophages, which were co-cultured with MSCs in vitro for 12 h. DESeq2 normalized values of 724 

the expression data were used for GSEA analysis. (B) Gene set enrichment analysis (GSEA) of 725 

the cell migration-related genes in L-Mac and E-Mac. DESeq2 normalized values of the expression 726 

data were used for GSEA analysis. (C) Gene ontology (GO)–enrichment analysis of the 3277 727 

differentially expressed genes between L-Mac and E-Mac: each symbol represents a GO term 728 

(noted in the plot); color indicates adjusted P value (padj (significance of the GO term)), and 729 

symbol size is proportional to the number of genes. (D) Heatmaps of soluble factor-related genes 730 

in MSC-reprogrammed leukemic macrophages. The expression value (DESeq2 normalized 731 
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counts) of each gene was converted to z-score value (red, high; blue, low). The heatmaps were 732 

plotted by gplots (heatmap.2). Columns represent the indicated macrophage sample replicates (L-733 

Mac: n = 4 biological replicates; E-Mac: n = 4 biological replicates). (E) Imaging of intracellular 734 

TNF-α, CCR7, and IL-1α proteins by indirect immunofluorescence assay (IFA) in sorted L-Mac 735 

(Non-injected site) and E-Mac (MSC-injected site) from MSC-treated leukemic mice 12 h post-736 

treatment in vivo. The representative images of each group are shown. (F) RNA-Seq analysis of 737 

Arg1 in leukemic macrophages co-cultured with MSCs in vitro. L-Mac indicates leukemic 738 

macrophages. E-Mac (+MSCs) indicates MSC-reprogrammed leukemic macrophages, which were 739 

co-cultured with MSCs in vitro for 12 h. L-Mac (+MSCs transwell) indicates leukemic 740 

macrophages, which were co-cultured in transwell with MSCs in vitro for 12 h. Y-axis indicates 741 

the expression value. The expression value (DESeq2 normalized counts) of each gene is illustrated 742 

by graphpad. Each column represents a replicate. (G) RNA-Seq analysis of Arg1 in leukemic 743 

macrophages sorted from MSC-treated leukemic mice in vivo. Leukemic macrophages 744 

(CD11b+F4/80+) were sorted from the injected site (MSC-treated tibia) and non-injected site 745 

(untreated femur) of leukemic mice 12 h post-treatment. Y-axis indicates the expression value. 746 

The expression value (DESeq2 normalized counts) of each gene is illustrated by graphpad. Each 747 

column represents a replicate. (H) Representative intracellular staining plots of Arg1 proteins in 748 

MSC-reprogrammed leukemic macrophages (E-Mac, MSC-injected site) and leukemic 749 

macrophages (L-Mac, Non-injected site) from MSC-treated leukemic mice analyzed by flow 750 

cytometry. The ratios of Arg1high macrophage subpopulation are shown from L-Mac and E-Mac. 751 

The bone marrow nucleated cells from leukemia-bearing mouse 12 h post-treatment were prepared 752 

for intracellular flow cytometry staining of Arg1. Macrophages are identified as 753 

CD45+CD11b+F4/80+. (I) Statistical analysis of the ratios of Arg1high macrophage subpopulation 754 
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in L-Mac and E-Mac. Data are analyzed by unpaired student’s t-test (two-tailed). **p < 0.01. Data 755 

are represented as mean ± SD (n = 4 mice for each group). 756 
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 758 

Figure 6: Intra-bone-marrow transfusion of MSC-reprogrammed macrophages largely 759 

rescues the therapeutic effects of MSC-treatment in leukemic mice 760 

(A) Schematic diagram of MSC-reprogrammed macrophages transfusion strategy. 1 × 10^5 GFP+ 761 

MSCs were seeded into each well of six-well plates. CD11b+ leukemic cells were enriched from 762 

bone marrow of leukemic mice with severe tumor burden (CD11b+% in PB > 60%). Then 2 × 10^6 763 

CD11b+ leukemic cells were directly co-cultured with MSCs. After 12 hours, leukemic 764 

macrophages (CD11b+F4/80+) were sorted for transfusion. Leukemic mice with severe tumor 765 
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burden were treated by intra-bone-marrow transfusion of PBS or MSC-reprogrammed leukemic 766 

macrophages (E-Mac). A sequential doses of E-Mac (3.3 × 10^7 E-Mac/kg per dose in 20 µl PBS) 767 

were delivered into the tibia cavity using 29-gauge needle. Every tibia was treated once per two 768 

weeks by switching the injection site every other dose. Analysis of platelets and CD11b+ cells in 769 

PB was performed monthly. (B) Representative dot plots of platelet populations and quantitative 770 

gating, as identified by CD41 and CD61 staining in PB of WT mice and PBS/E-Mac treated 771 

leukemic mice. After 4 weeks of PBS/E-Mac treatment, PB of leukemic mice with PBS/E-Mac 772 

treatment was analyzed. (C) Kinetic analysis of platelets in PB of leukemia-bearing mice treated 773 

with PBS or E-Mac (n = 6 mice for each group). (D) Flow cytometry analysis of MSCs in 774 

leukemia-bearing mice post PBS/E-Mac treatment. Tibias of PBS/E-Mac treated leukemic mice at 775 

week five since the first dose of PBS/E-Mac treatment were analyzed. MSCs were defined as 776 

Ter119-CD45-CD31-Sca1+CD51+CD146+. The nucleated cell mixtures of BM and compact bones 777 

were prepared for flow cytometry analysis of MSCs. (E) Statistical analysis of the absolute 778 

numbers of host MSCs in tibias from PBS/E-Mac treated leukemic mice. Data are analyzed by 779 

unpaired student’s t-test (two-tailed). ***p < 0.001. Data are represented as mean ± SD (n = 6 780 

mice for each group). (F) CD41+ megakaryocytes from BM of PBS/E-Mac-injected site (tibia) and 781 

non-injected site (femur) were analyzed for DNA content. Plots from representative PBS-treated 782 

and E-Mac-treated leukemic mice four weeks post PBS/E-Mac treatment are shown. Percentages 783 

of mature megakaryocytes with 8N and greater ploidy (≥8N) are shown. (G) Statistical analysis 784 

of the percentages of mature megakaryocytes (≥8N) of CD41+ BM megakaryocytes. Data are 785 

analyzed by one-way ANOVA test. ***p < 0.001. Data are represented as mean ± SD (n = 4 mice 786 

for each group). 787 

  788 
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 789 

Figure 7: Il6-/- MSCs neither reprogram macrophages nor suppress leukemia 790 

(A) ELISA of IL-6 levels in BM plasma. The BM plasma from WT mice, untreated leukemia-791 

bearing mice, and MSC-injected sites (tibias) and non-injected sites (femurs) of MSC-treated 792 

leukemia-bearing mice eight weeks post MSC treatment were analyzed. The BMNC of each tibia 793 

or femur were flushed out using 1 ml PBS, then the supernatants of each sample were collected 794 

for ELISA. Data are analyzed by one-way ANOVA test. ***p < 0.001. Data are represented as 795 

mean ± SD (n = 6 mice). (B) Q-PCR of Arg1 expression levels in macrophages from leukemia-796 

bearing mice after co-culture with different sources of MSCs in vitro. Macrophages from 797 

leukemia-bearing mice were co-cultured with MSCs from leukemia-bearing mice, Il6-/- MSCs or 798 

GFP-MSCs in vitro for 12 h, separately. Then, one hundred thousand E-Mac (CD11b+F4/80+) were 799 

sorted and were analyzed the expression of Arg1. Y-axis shows the relative expression of Arg1 in 800 
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each group. Gapdh was used as a reference. Data are analyzed by one-way ANOVA test. **p < 801 

0.01. Data are represented as mean ± SD (n = 3 repeats for each group). (C) Kinetic analysis of 802 

tumor burden (CD11b+) in PB of leukemia-bearing mice treated with GFP-MSCs or Il6-/- MSCs 803 

(n = 5 mice for each group). (D) Flow cytometry analysis of platelets in Il6-/- MSC-treated 804 

leukemia-bearing mice. Representative dot plots of platelet populations and quantitative gating, as 805 

identified by CD41 and CD61 staining in PB of GFP-MSC- or Il6-/- MSC-treated leukemia-bearing 806 

mice. PB of leukemia-bearing mice was analyzed at week-0 and week-4 post-treatment with GFP-807 

MSCs or Il6-/- MSCs. (E) Kinetic analysis of platelets (PLT) in PB of leukemia-bearing mice 808 

treated with GFP-MSCs or Il6-/- MSCs (n = 5 mice for each group). (F) Q-PCR of Arg1 expression 809 

levels in macrophages isolated from Il6-/- MSC-treated leukemia-bearing mice. One hundred 810 

thousand leukemic macrophages (CD11b+F4/80+) were sorted from the MSC-injected site (MSC-811 

treated tibia) and non-injected site (femur) of leukemia-bearing mice 12h post-treatment. Y-axis 812 

shows the relative expression of Arg1 in each group. Gapdh was used as reference. Data are 813 

analyzed by one-way ANOVA test. ***p < 0.001. Data are represented as mean ± SD (n = 6 mice 814 

for each group). (G) Representative intracellular staining plots of Arg1 proteins in MSC-815 

reprogrammed leukemic macrophages (E-Mac, MSC-injected sites) and leukemic macrophages 816 

(L-Mac, Non-injected site) from GFP-MSC- or Il6-/- MSC-treated leukemic mouse analyzed by 817 

flow cytometry. The ratios of Arg1high macrophage subpopulation are shown from L-Mac and E-818 

Mac. The bone marrow nucleated cells from leukemia-bearing mouse 12 h post-treatment were 819 

prepared for intracellular flow cytometry staining of Arg1. Macrophages are identified as 820 

CD45+CD11b+F4/80+. (H) Statistical analysis of the ratios of Arg1high macrophage subpopulation. 821 

Data are analyzed by one-way ANOVA test. *p < 0.05. Data are represented as mean ± SD (n = 4 822 

mice for each group). 823 
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