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Acute myeloid leukemia (AML) is the most common type of acute leukemia in adults and is 

caused by uncontrolled clonal expansion of immature myeloid cells. Elements of the leukemic 

microenvironment, as well as blast cell- genetic and metabolic alterations, are all linked to ad-

verse outcomes. 1 High CD39 expression on leukemic blast cells is associated with poor progno-

sis in AML patients.2 CD39/ENTPD1 (ectonucleoside triphosphate diphosphohydrolase-1), in 

tandem with CD73, converts extracellular adenosine triphosphate (eATP) and adenosine 

diphosphate (eADP) to ultimately generate adenosine (eADO).3 Extracellular nucleotides drive 

type-2 purinergic receptor (e.g. P2RX7) responses that underpin tumor immunity.4 Genetic, 

pharmacological and immunological studies have documented the therapeutic potential of target-

ing CD39 and purinergic responses in solid tumors.5-8 In this current work, we have explored the 

pathogenetic roles of Cd39 and P2rx7 and demonstrate novel down-stream elements of 

purinergic signaling in an experimental model of AML. Animal experimentation protocols were 

reviewed and approved by the IACUC of Beth Israel Deaconess Medical Center. 

We established an aggressive AML model by transplanting TIB-49 cells into immunocompetent 

syngeneic C57BL/6 wild type (WT) mice. Heterogeneous expression patterns of Cd39 on im-

mune cells throughout control mice and TIB-49-bearing mice blood, spleen and BM were re-

vealed (Supplementary Figure S1A). TIB-49 cells from spleen and BM displayed high levels of 

Cd39 (Figure 1A), even though this was not detected on cultured TIB-49 cells in vitro (Supple-

mentary Figure S1B). Furthermore, there were no Cd39 transcripts present in TIB-49 cells sorted 

from spleen and BM of WT AML mice (Supplementary Figure S1C).  

We considered that TIB-49 cells acquired Cd39 via trogocytosis in specialized niches (e.g. 

spleen and BM) in vivo. To test this, TIB-49 cells were inoculated into Cd39-/- mice. We noted 

that these TIB-49 cells from Entpd1 null blood, spleen and BM did not express Cd39 (Figure 

1A). These data indicated that Cd39 on TIB-49 cells was acquired from Cd39+ host cells, likely 

through trogocytosis (Figure 1B).9, 10 Additionally, circulating TIB-49 cells from blood of WT 

mice did not express Cd39 despite high levels of this ectoenzyme on the vasculature (Figure 1A), 

suggesting an essential role of cell-cell contact between acceptor cells and donor cells within the 

leukemic microenvironment.  

TIB-49 cells were then inoculated into WT and Cd39-/- mice. Higher levels of TIB-49 cells were 

detected by FACS in blood and spleen from WT mice than in Cd39-/- mice (Figure 1C), and there 

were delays in engraftment in Cd39-/- mice (Figures 1D). TIB-49 cells overexpressing Cd39 with 



TdTomato as an indicator (viz. TIB-Cd39high cells) were then generated. Compared with parental 

TIB-49 cells, TIB-Cd39high cells inoculated into WT mice demonstrated faster engraftment (Fig-

ure 1E). Further, higher levels of Cd39 on TIB-Cd39high than on TIB-49 cells was confirmed in 

vivo (Supplementary Figure S1D). Importantly, TIB-Cd39high inoculation resulted in more rapid 

disease progression with shorter times to euthanasia (Figure 1F); albeit proliferation rates of the-

se two cell lines were similar in vitro (Supplementary Figure S1E).  

We then administered TIB-49-inoculated mice with αCd39 mAb, which was known to deplete 

Cd39high cells and diminish cell surface Cd39 expression, through FcγRIV-dependent 

trogocytosis in the MC38 model. 9 Although αCd39 mAb selectively depleted MDSCs and 

downregulated surface Cd39 expression in multiple immune cells and TIB-49 cells (data was not 

shown), this form αCd39 mAb monotherapy did not alter the experimental disease course in 

mice inoculated with either TIB-49 cells or TIB-Cd39high cells (Supplementary Figure S1F). 

When αCd39 mAb treatment was combined with cytarabine, we found no additional effects in 

the TIB-49-bearing WT mice (data was not shown). We also tested the effects of αCd39 mAb in 

TIB-49 chloroma model. In this instance, αCd39 monotherapy effectively boosted chemothera-

peutic effects of low dose cytarabine with respect to growth of TIB-49 chloroma in vivo (data 

was not shown). These studies suggest that the benefits and strategy of targeting Cd39 in solid 

cancer cannot be simply extrapolated to therapeutic applications in liquid cancers, such as in 

AML. 

Bulk RNA-Seq of TIB-49 cells and TIB-Cd39high cells was conducted to explore purinergic and 

other mechanisms dictating TIB-Cd39high pathogenicity (Supplementary Figure S2A). We found 

that P2rx1, P2rx7, P2ry10 and P2ry14 were substantively upregulated in TIB-Cd39high cells. We 

then explored RNA-Sequencing data of human CD39+ AML cells in The Cancer Genome Atlas 

(TCGA) database. We subdivided 151 AML samples into two groups based on median CD39 

levels and found that P2RX1 and P2RX7 were upregulated in the group with higher CD39 ex-

pression. These increases of P2RX7 were greater than those seen for P2RX1 (Figure 2A). We 

therefore explored the roles of P2rx7 (P2rx7-v1 (NM_011027), which is considered the canoni-

cal full-length P2rx7) in mediating TIB-49 pathogenicity. FACS detected no P2rx7 protein ex-

pression on TIB-49 cells in vitro, while these cells after transplantation were found to express 

higher levels of P2rx7 ex vivo. TIB-49 cells overexpressing P2rx7 with TdTomato as an indicator 

(TIB-P2rx7high) were generated. WT mice were inoculated with TIB-49, TIB-Cd39high and TIB-



P2rx7high cells, respectively. Curiously, the enhanced pathogenicity of TIB-49 cells linked to 

Cd39 overexpression was replicated by transgenic overexpression of P2rx7 on TIB-49 cells 

(Figure 2B). P2rx7 in TIB-49 cells was then deleted by CRISPR (TIB-P2rx7-/- cells, Supplemen-

tary Figure S2B), and inoculated into WT mice. The engraftment of TIB-P2rx7-/- cells was sig-

nificantly delayed when compared with that of TIB-49 cells (Figure 2C), indicating a role of 

P2rx7 in AML pathogenicity. We tested the efficacy of pharmacological P2rx7 inhibitor 

A740003. Here too, the survival of standard TIB-49-bearing AML mice in A740003-treated 

group was significantly prolonged (Figure 2D). However, A740003 was unable to prolong the 

survival of TIB-Cd39high AML mice (Figure 2E).  

P2rx7 was also knocked out in TIB-Cd39high cells by CRISPR (Supplementary Figure S2C) and 

then inoculated into WT mice. When compared with that of TIB-Cd39high cells, the engraftment 

of TIB-Cd39high-P2rx7-/- cells was delayed. Times to euthanasia were prolonged with P2rx7 dele-

tion (Figure 2F). These results suggested that Cd39 and P2rx7 may mediate leukemogenic effects 

via related signaling pathways. Potentially, when the level of (acquired) Cd39 is relatively low 

on TIB-49 cells, the eATP-mediated P2rx7 pathway may play the dominant role (Figure 2C). 

However, when the level of (transgenic) Cd39 is high, as on TIB-Cd39high cells, then the nucleo-

tide phosphohydrolysis pathway may take precedence (Figure 2F).  

Bulk RNA Seq of TIB-Cd39high-P2rx7-/- cells was conducted to explore putative mechanisms of 

P2rx7 action in Cd39 mediated pathogenicity (Supplementary Figure S3A). When focusing on 

the top ten differentially expressed genes (DEGs) in TIB-Cd39high-P2rx7-/-, TIB-Cd39high cells vs. 

TIB-49 cells, we found that Kat6b, Nes, Fos, Ptpn13, Zcwpw1 and Dst were generally 

downregulated, while Wnt6 was upregulated in these two Cd39-overexpressing cells, irrespective 

of P2rx7 (Figure 3A). When we examined common denominators of Cd39 and P2rx7 pathways 

by comparing bulk RNA Seq and DEGs of TIB-Cd39high and TIB-P2rx7high cells, we found that 

Wnt6 and Runx2 were upregulated in both TIB-Cd39high and TIB-P2rx7high cells (Figure 3B; 

Supplementary Figure S3A).  

We next performed protein-protein interaction network functional enrichment analysis by using 

STRING database and Cytoscape software. The results showed that Wnt signaling was identified 

in the functional networks of DEGs in both TIB-Cd39high cells (Supplementary Figure S3B) and 

TIB-P2rx7high cells (Supplementary Figure S3C). Therefore, we detected alterations in Wnt acti-



vation. Our results confirmed higher levels of Wnt activation in TIB-Cd39high cells, when com-

pared to TIB-49 cells (Figure 3C).  

As Waif1/5T4 inhibited canonical Wnt/β-catenin signaling and activated noncanonical Wnt 

pathways, 11 we overexpressed human 5T4 (with GFP as an indicator) in various cells via 

lentiviral vectors (Supplementary Figure 3D). In mice bearing TIB-5T4 cells, overexpression of 

Waif1 largely abolished disease progression (Figure 3D). Most interestingly, 5T4 significantly 

prolonged animal survival, even when expressed in the more pathogenic TIB-Cd39high cells (Fig-

ure 3E), whereas 5T4K76A mutant had no effect (Figure 3E). Curiously, when expressed in TIB-

P2rx7high cells, the protective effect of 5T4 appeared less pronounced (Figure 3E), suggesting 

Cd39 and P2rx7 may drive differential Wnt- and potentially other pathways in AML. However, 

when tested, pharmacological Wnt/β-catenin pathway inhibitors (Wnt-C59 and DSMAB) did not 

show efficacy in the TIB-49 AML model (data was not shown). Future studies are needed to 

clarify the mechanistic roles of Wnt and 5T4 expression in progression of malignant disease, 

given ongoing application of experimental targeting of these pathways in both liquid cancers and 

in solid tumors. 

In summary, we describe a novel Cd39-P2rx7-Wnt signaling axis, which serves both as a key de-

terminant of pathogenicity in AML and could be developed further as a therapeutic target. We 

first found that TIB-49 cells, unlike certain human AML cell lines, 2 were Cd39-negative in vitro 

but did acquire high levels of Cd39 in vivo. Heightened AML pathogenicity was associated with 

Cd39 overexpression. However, therapeutic targeting Cd39 had limited, and hence unexpected, 

effects in this AML model. Targeting P2rx7 with genetic deletion or pharmacological inhibition 

resulted in better outcomes in the AML tumor model. Importantly, the overexpression of Cd39 

on TIB-Cd39high and P2rx7 on TIB-P2rx7high cells dramatically upregulated the expression of 

Wnt6 and Runx2. Inhibition of canonical Wnt/β-catenin activation by Waif1/5T4 in these models 

significantly prolonged AML animal survival, even in the more pathogenic TIB-Cd39high bearing 

animals.  

In conclusion, our study demonstrates that activation of the Cd39-P2rx7 axis enhances patho-

genicity of AML cells, at least in part, by recruitment of the associated Wnt/β-catenin signaling 

pathway (Figure 3F). It is feasible that future anti-leukemia therapies could incorporate the utility 

of CD39 blockade, P2RX7 inhibition and most crucially the targeting of Wnt/β-catenin signaling 

pathways.  
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Figure legends: 

Figure 1. TIB-49 cells acquire Cd39 from host cells and levels of Cd39 expression promote 

TIB-49 AML cells engraftment in vivo. 

(A) To trace the engraftment of TIB-49 in vivo, TIB-49 cells were transduced with TdTomato 

and then administered intravenously via the tail vein into mice. Altered patterns of Cd39 expres-

sion on transplanted TIB-49 cells obtained from blood, spleen, and BM of WT mice and Cd39-/- 

mice. 

(B) Schematic diagram depicting proposed trogocytosis and membrane transfer resulting in 

changes in Cd39 levels on transplanted TIB-49 and recipient cells. 

(C) C57BL/6 WT and Cd39-/- mice were inoculated with 1×106 TIB-49 cells (TdTomato+) 

through tail vein injection. Quantification of TIB-49 cell percentages in blood, spleen, and BM 

of TIB-49 inoculated WT and Cd39-/- mice were analyzed at Day 31. Data are shown as mean ± 

SEM. T-test was used for the statistical analysis. *P < 0.05. ns, not significant. 

(D) TIB-49-luciferase/mCherry cells were retro-orbitally inoculated into WT and Cd39-/- mice 

for bioluminescence imaging experiments. When compared with WT mice, leukemia cell en-

graftment was delayed in Cd39-/- mice with decreased disease burdens. 

(E) TIB-49 and TIB-Cd39high cells proportions in blood, splenocytes and BM of WT mice were 

analyzed at Day 19.  

(F) Survival of TIB-49 (n=9) and TIB-Cd39high (n=10) bearing mice was compared. The log-rank 

test was used for statistical analyses. 

 

Figure 2. Modulation of P2rx7 signaling impacts Cd39 associated pro-leukemogenic effects 

in vivo. TIB-Cd39high and TIB-P2rx7high cells showed enhanced pathogenicity in WT mice, 

while P2rx7 deletion in TIB-49 and TIB-Cd39high cells delayed engraftment of leukemic 

cells. Pharmacological P2rx7 inhibitor prolonged the survival of TIB-49-bearing AML 

mice, not TIB-Cd39high AML mice. 

(A) Quantification of selected P2 receptor expression, in 151 human AML samples in TCGA da-

tabase, with high or low expression of CD39 relative to the median expression level. Mann-

Whitney test was used for statistical analysis. *P < 0.05, ****P < 0.0001. 

(B) C57BL/6 WT mice were inoculated with TIB-49, TIB-Cd39high or TIB-P2rx7high cells, re-

spectively through tail vein injection. Time to euthanasia compared of mice inoculated with TIB-



49 (n=11), TIB-Cd39high (n=12) or TIB-P2rx7high cells (n=6). The log-rank test was used for sta-

tistical analyses. TIB-Cd39high and TIB-P2rx7high cells showed enhanced pathogenicity in WT 

mice. 

(C) C57BL/6 WT mice were inoculated with TIB-49 cells or TIB-P2rx7-/- cells, respectively 

through tail vein injection. Times to euthanasia of mice inoculated with TIB-49 (n=15) or TIB-

P2rx7-/- cells (n=15) was then compared. The log-rank test was used for statistical analyses. 

P2rx7 deletion in TIB-49 cells delayed engraftment in WT mice. 

(D, E) C57BL/6 WT mice were inoculated with 1×106 TIB-49 cells or TIB-Cd39high cells 

through tail vein injection. Mice received 50 mg/kg P2rx7 antagonist A740003 or DMSO vehicle 

treatment from day 15 every other day for 14 days. Time to euthanasia of mice bearing TIB-49 

cells (n=15 in each group) or TIB-Cd39high cells (n=10 in each group) was compared.  Log-rank 

test was used for statistical analyses. Benefits potentially seen with A740003 alone for TIB-49 

cells, were not noted in the TIB-Cd39high group.  

(F) C57BL/6 WT mice were inoculated with TIB-Cd39high cells or TIB-Cd39high-P2rx7-/- cells re-

spectively through tail vein injection. Times to euthanasia of mice inoculated with TIB-Cd39high 

cells (n=10) or TIB-Cd39high-P2rx7-/- cells (n=10) were contrasted. The log-rank test was used 

for statistical analyses and indicated benefit of genetic deletion of P2rx7 in these cells.  

 

Figure 3. Downstream Wnt/β-catenin signaling mediates Cd39 and P2rx7 pro-

leukemogenic effects in vivo. Wnt-activated inhibitory factor 1 (Waif1/5T4) significantly 

prolonged TIB-49 and TIB-Cd39high cells bearing animal survival. When expressed in TIB-

P2rx7high cells, the protective effect of 5T4 appeared less pronounced. 

(A) Top ten common DEGs of TIB-Cd39high cells and TIB-Cd39high-P2rx7-/- cells, when com-

pared with native TIB-49 cells. Data are shown as mean ± SEM (n=3). T-test was used for the 

statistical analysis. ***P < 0.001.  

(B) Wnt6 and Runx2 transcript expression patterns on TIB-49 cells, TIB-Cd39high cells and TIB-

P2rx7high cells.  

(C) Wnt activation in TIB-Cd39high cells. TIB-49 and TIB-Cd39high cells were transfected with 

Wnt-EGFP indicator or reporter plasmid. TIB-Cd39high cells show increased levels of Wnt acti-

vation. 



(D) C57BL/6 WT mice were inoculated with 1×106 syngeneic TIB-49 (n=5) or TIB-5T4 cells 

(n= 4). Times to euthanasia of mice in these two groups were analyzed with the log-rank test, in-

dicating benefits of Wnt inhibition. 

(E) C57BL/6 WT mice were inoculated with 1×106 syngeneic TIB-Cd39high cells (n=21), TIB-

Cd39high-5T4 cells (n=9), TIB-P2rx7high cells (n=8), TIB-P2rx7high-5T4 cells (n=10) and TIB-

Cd39high-5T4K76A (loss of function) cells (n=5) respectively.  Survival of mice was analyzed with 

the log-rank test, confirming benefits of active Waif1/5T4 expression in these experimental 

models, targeting TIB-Cd39high or TIB-P2rx7high cells.  *P < 0.05; **P < 0.01, ****P <0.0001. 

(F) Depiction of the Cd39-P2rx7 axis and Wnt/β-catenin signaling pathways in proposed media-

tion of AML model pathogenicity. 









Supplementary Figure Legends: 

Supplementary Figure S1. Cd39 expression on immune cell in vivo and on TIB-49 cells in 

vitro. Targeting Cd39 by αCd39 mAb did not delay AML disease course inoculated with 

either TIB-49 cells or TIB-Cd39high cells. 

(A) C57BL/6 WT mice were inoculated with 1×106 syngeneic TIB-49 (TdTomato+) cells via tail 

vein injection. Blood, splenocytes and BM from control and test mice were collected. Single-cell 

suspensions were prepared and Cd39 expression levels on immune cells were analyzed by FACS.  

(B) Cd39 expression on TIB-49 cells in vitro was analyzed by FACS. CHO-Cd39 cells were used 

as positive control.  

(C) Cd39 transcript expression (97 bp PCR amplicon) on cultured TIB-49 cells (Sample 1) and 

TIB-49 cells sorted from spleen (Sample 3) and BM (Sample 4) of leukemia bearing WT mice. 

TIB-Cd39high transgenic cells (Sample 2) were used as positive control. β-actin was used as internal 

reference. 

(D) Levels of membrane Cd39 expression at Day 26 on TIB-49 cells and immune cells in the 

spleen and BM of TIB-49 vs. TIB-Cd39high cells inoculated into WT mice.  

(E) TIB-49 cells and TIB-Cd39high cells were cultured in 96-well plate. Cellular proliferation 

expressed as measured by CCK8 after cultures for 24 h, 48 h and 72 h, respectively.  

(F) C57BL/6 WT mice were inoculated with 1×106 syngeneic TIB-49 or TIB-Cd39high cells 

through tail vein injection. Mice received 5 mg/kg CTRL or αCD39 mAb treatment at Days 18, 

21, 24 and 27 respectively. Time to euthanasia of mice bearing TIB-49 cells (n=14 in each group) 

or TIB-Cd39high cells (n=10 in each group) was compared. The log-rank test was used for statistical 

analyses.  

 

Supplementary Figure S2. Volcano plots of TIB-Cd39high cells, and strategy for P2rx7 

deletion in TIB-49 cells and TIB-Cd39high cells by CRISPR. 

(A) Bulk RNA-Seq was conducted on TIB-49 cells and TIB-Cd39high cells. Volcano plots are 

presented showing “differently expressed genes” (DEGs) between these two cell lines. 

(B) To establish TIB-P2rx7-/- cells, 50 nt was deleted in allele_1 and 7 nt was inserted; in addition, 

38 nt was deleted in allele_2 and 13 nt was inserted. These resulted in early termination of P2rx7 

translation, with no functional protein detected. 



(C) To establish TIB-Cd39high-P2rx7-/- cells, 23 nt were deleted in allele _1 and 13 nt deleted at 

gene allele_2. Both resulted in early termination of P2rx7 translation, and no functional protein 

was produced. 

 

Supplementary Figure S3. Volcano plots of TIB-Cd39high-P2rx7-/-cells and TIB-P2rx7high cells. 

Wnt signaling was identified in the functional networks of DEGs in both TIB-Cd39high cells 

and TIB-P2rx7high cells. 5T4 expression on multiple cells. 

(A) Bulk RNA-Seq was conducted on TIB-Cd39high-P2rx7-/-cells and TIB-P2rx7high cells. Volcano 

plots are presented showing DEGs between cell lines. 

(B-C) Protein-protein interaction networks of the top two thousand DEGs in TIB-Cd39high (B) and 

TIB-P2rx7high cells (C). These networks were constructed with > two nodes with interaction 

confidence values >0.90. 

(D) 5T4 expression on TIB-5T4, TIB-CD39high-5T4 and TIB-P2rx7high-5T4 cells, as confirmed by 

FACS. 

 

 










